PERMEAFOR TESTING OF GRANULAR SOILS by Lefebvre, Alex
University of New Hampshire 
University of New Hampshire Scholars' Repository 
Master's Theses and Capstones Student Scholarship 
Fall 2021 
PERMEAFOR TESTING OF GRANULAR SOILS 
Alex Lefebvre 
University of New Hampshire, Durham 
Follow this and additional works at: https://scholars.unh.edu/thesis 
Recommended Citation 
Lefebvre, Alex, "PERMEAFOR TESTING OF GRANULAR SOILS" (2021). Master's Theses and Capstones. 
1514. 
https://scholars.unh.edu/thesis/1514 
This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire 
Scholars' Repository. It has been accepted for inclusion in Master's Theses and Capstones by an authorized 



















Submitted to the University of New Hampshire 
in Partial Fulfillment of 
the Requirements for the Degree of 
 
 












This thesis was examined and approved in partial fulfillment of the requirements for the degree 








Thesis Director, Jean Benoît, 








































 I dedicate this work to my parents, brother, and rest of my family. I also dedicate this to 
my girlfriend who was by my side throughout the entire process. I am forever grateful for the 










































 I would first like to express my sincere gratitude to my advisor, Doctor Jean Benoît, for his 
endless support, encouragement, and friendship throughout the years. I will never be thankful 
enough for the aid he has provided me, not only during this process, but in life in general. 
 Next, I would like to thank the New Hampshire Department of Transportation for 
collaboration in this research, along with all the employees who have helped me directly obtain 
the data needed for this research to progress.  
 Thank you to other committee members, Doctor Igor Tsukrov and Doctor Philippe 
Reiffsteck for taking dedicating their valuable time to help with this research.  
 Finally, I would like to thank Steven Wuebbolt for helping me transition into this research 
and assisting me whenever needed. As well as my fellow CEE graduate students who have helped 























TABLE OF CONTENTS  
TABLE OF CONTENTS ................................................................................................................ v 
LIST OF TABLES ....................................................................................................................... viii 
LIST OF FIGURES ....................................................................................................................... ix 
ABSTRACT ................................................................................................................................. xiv 
1. INTRODUCTION ................................................................................................................... 1 
1.1. Hydraulic Conductivity Testing ........................................................................................... 1 
1.2. Proposed Permeafor Testing .................................................................................................... 2 
1.3. Research Objectives ................................................................................................................. 3 
2. LITERATURE REVIEW ........................................................................................................ 5 
2.1. Introduction .......................................................................................................................... 5 
2.1. Hydraulic Conductivity Fundamentals ................................................................................ 6 
2.2. Stormwater Best Management Practices (BMP’s) ............................................................ 10 
2.3. Laboratory Methods for Measuring Hydraulic Conductivity ............................................ 12 
2.3.1. Constant head Test ...................................................................................................... 13 
2.3.2. Falling head Test ........................................................................................................ 14 
2.3.3. Grain Size Correlations .............................................................................................. 16 
2.5. Field Methods for Measuring Hydraulic Conductivity .......................................................... 19 
2.5.1. Double Ring Infiltrometer ............................................................................................... 19 
2.5.2. Piezocone Penetration Test (CPTU) ............................................................................... 20 
2.5.3. Pump Test ........................................................................................................................ 21 
2.5.4. Borehole Infiltration Testing ........................................................................................... 23 
2.6. Permeafor Permeability Testing ............................................................................................ 25 
2.6.1. Cavity Flow and Representative Shape Factors .............................................................. 27 
2.6.2. Q/H’ Analysis with Time ................................................................................................ 31 
2.6.3. Q/H’ Relation to Hydraulic Conductivity ....................................................................... 34 
2.7. Finite Element Analysis of Soil Models ................................................................................ 36 





2.7.2. Finite Element Modeling of the Borehole Infiltration Test ............................................. 37 
2.7.3. Verification of Shape Factors Through Finite Element Analysis ................................... 40 
3. PERMEAFOR TEST METHOD .......................................................................................... 47 
3.1. UNH System ...................................................................................................................... 47 
3.1.1. Probe and Supporting System ......................................................................................... 47 
3.1.2. Calibrations ..................................................................................................................... 50 
3.2. Permeafor Testing Method .................................................................................................... 54 
3.2.1. Testing Procedure ............................................................................................................ 55 
3.2.2. Measurements During Testing ........................................................................................ 56 
3.2.3. Calculation of Q/H’ with Time ....................................................................................... 58 
4. TEST SITES .......................................................................................................................... 61 
4.1. Introduction ........................................................................................................................ 61 
4.2. Site Characterization .............................................................................................................. 64 
4.2.1. Soil Classification ........................................................................................................... 64 
4.2.2 Standard Penetration Testing ........................................................................................... 66 
4.2.3 Constant Head Testing ..................................................................................................... 67 
4.3. Merrimack, NH - FE Everett ................................................................................................. 69 
4.3.1. Soil Classification ........................................................................................................... 70 
4.3.2. Hydraulic Characterization ............................................................................................. 72 
4.4. Kingston, NH ......................................................................................................................... 76 
4.4.1. Soil Classification ........................................................................................................... 77 
4.4.2. Hydraulic Characterization ............................................................................................. 80 
4.5. Rochester, NH ........................................................................................................................ 82 
4.5.1. Soil Classification ........................................................................................................... 83 
4.5.2. Hydraulic Characterization ............................................................................................. 86 
4.6. Previous Test Sites ................................................................................................................. 88 
5. PERMEAFOR TEST RESULTS AND ANALYSIS ............................................................ 91 
5.1. Introduction ........................................................................................................................ 91 
5.2. Test Method and Data Acquisition ........................................................................................ 93 
5.2.1. Data Analysis .................................................................................................................. 97 





5.2.3. Applicability Limitations .............................................................................................. 103 
5.3. Test Results .......................................................................................................................... 103 
5.3.1. Merrimack–FE Everett Results ..................................................................................... 103 
5.3.2. Kingston Results ........................................................................................................... 107 
5.3.3. Rochester Results .......................................................................................................... 110 
5.3.4. Previous Results ............................................................................................................ 112 
5.4. PLAXIS 2D Finite Element Analysis .................................................................................. 116 
5.4.1. Permeafor Testing Finite Element Analysis .................................................................. 117 
6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS ...................................... 125 
6.1. Summary .............................................................................................................................. 125 
6.2. Conclusions .......................................................................................................................... 126 
6.3. Future Work ......................................................................................................................... 128 
LIST OF REFERENCES ............................................................................................................ 129 
APPENDICES ............................................................................................................................ 133 
APPENDIX A: PERMEAFOR RESULTS AND ANALYSIS DATA ...................................... 134 
















LIST OF TABLES 
Table 2.1: Proposed Shape Factors for Cylindrical Cavity ........................................................... 30 
Table 3.1: Permeafor Instrument Specifications (Wuebbolt, 2020) ............................................. 57 
Table 4.1: Permeafor Testing Program in New Hampshire .......................................................... 62 
Table 4.2: Testing Characteristics for the Test Program .............................................................. 63 
Table 4.3: Combined Average Site Classification Parameters  .................................................... 65 
Table 4.4: SPT (N1)60 and Field Relative Density Correlation (Liao and Whitman, 1986) ......... 67 
Table 4.5: Merrimack B-1005 Samples Sieve Analysis Results .................................................. 72 
Table 4.6: Merrimack – FE Everett Grain Size Relationship to Hydraulic Conductivity ............ 73 
Table 4.7: Merrimack B-1005 Samples Laboratory Constant Head Test Results ........................ 74 
Table 4.8: Hydraulic Conductivity with Prugh Estimation, Varying Soil Density ...................... 75 
Table 4.9: Kingston B-1008 Samples Sieve Analysis Results ..................................................... 79 
Table 4.10: Kingston Grain Size Relationship to Hydraulic Conductivity .................................. 80 
Table 4.11: Kingston B-1008 Samples Laboratory Constant Head Test Results ......................... 81 
Table 4.12: Rochester B-108 Samples Sieve Analysis Results .................................................... 85 
Table 4.13: Rochester Grain Size Relationship to Hydraulic Conductivity ................................. 86 
Table 4.14: Rochester B-108 Samples Laboratory Constant Head Test Results .......................... 87 







LIST OF FIGURES 
Figure 2.1: States of Fluid Flow (Holtz et al., 2011) ...................................................................... 7 
Figure 2.2: Single Particle Fluid Flow (Damani and Chopde, 2015) ............................................. 8 
Figure 2.3: Constant Head Laboratroy Configuration ((Holtz and Kovacs, 1981) ...................... 13 
Figure 2.4: Falling Head Laboratory Configuration (Holtz and Kovacs, 1981) ........................... 14 
Figure 2.5: Permeability Test Data (Lambe and Whitman, 1969) ................................................ 16 
Figure 2.6: Prugh Plots to Estimate Hydraulic Conductivity (Powers and Burnett, 1996) .......... 18 
Figure 2.7: Alyamani and Sen Empirical Grain Size Correlation Method ................................... 19 
Figure 2.8: Double Ring Infiltrometer (Braneon, 2017) ............................................................... 20 
Figure 2.9: CPTU Dissipation of Excess Pore Water Pressure Over Time (Bałachowski, 2006) 21 
Figure 2.10: Pump Test Configuration (Sikdar P.K., 2019) ......................................................... 22 
Figure 2.11: Borehole Infiltration Test Schematic (Wuebbolt, 2020) .......................................... 23 
Figure 2.12: Example of Water Level Vs. Time and Hydraulic Conductivity vs. Trial Number 
(ASTM D6391, 2020) ................................................................................................................... 25 
Figure 2.13: Permeafor Probe Schematic (Wuebbolt, 2020) ........................................................ 26 
Figure 2.14: Equipotential Lines of a Cylindrical Cavity, Varying L/D (Rat et al., 1968) .......... 28 
Figure 2.15: Example of Flow, Effective Head, and Resulting Q/H’ Measurements with Respect 
to Time (Wuebbolt, 2020) ............................................................................................................. 33 
Figure 2.16: Change in Q/H’ Depending on Applied Head (Ursat et al., 1989) .......................... 34 
Figure 2.17: Numerical Results for Borehole Infiltration Test in a Clay Liner (a) Velocity Graph 





Figure 2.18: Finite Element Grid and Equipotential Lines at Beginning of Borehole Infiltration 
Test (Chapuis, 1999) ..................................................................................................................... 39 
Figure 2.19: Computed Shape Factors by Different Authors for Cylindrical Probes (Tavenas et 
al., 1990) ....................................................................................................................................... 41 
Figure 2.20: Shape Factors Obtained from FEM and Through Proposed Model of Randolph and 
Booker (1982), (Tavenas et al, 1990) ........................................................................................... 42 
Figure 2.21: Effect of Probe Geometry on Hydraulic Conductivity with Varying Shape Factor 
Methods (a) Mieussens and Ducasse (1977); (b) FEM Shape Factor (Tavenas et al, 1990) ........ 43 
Figure 2.22: Cylindrical Piezometer with Curvilinear Coordinates (Silvestri et al., 2012) .......... 45 
Figure 2.23: Double Conformal Mapping (Silvestri et al., 2012) ................................................. 45 
Figure 2.24: Comparison of Shape Factors (Silvestri et al., 2012) ............................................... 46 
Figure 3.1: Probe Configurations; (a) Shorter Middle Screen, (b) Longer Middle Screen, (c) Tip 
Screen ............................................................................................................................................ 48 
Figure 3.2: Slotted Drill Rig Connection ...................................................................................... 49 
Figure 3.3: Acquisition and Control System (Pump, Flowmeter, Pressure Sensor, Inlet Quick 
Connect, and Outlet Swagelok Fitting, respectively) (Wuebbolt, 2020) ...................................... 50 
Figure 3.4: 100-Gallon Plastic Water Supply and 1-inch Dimeter Supply Hose ......................... 50 
Figure 3.5: Measurement of Ejected Water (Wuebbolt, 2020) ..................................................... 51 
Figure 3.6: Head Loss Measurements (Wuebbolt, 2020) ............................................................. 52 
Figure 3.7: Measurement of Flow for Different Applied Heads .................................................. 53 
Figure 3.8: Flow vs Head Loss Calibration for All Probe Configurations ................................... 54 
Figure 3.9: Flow of Data Every 0.2 Seconds of Execution (Wuebbolt, 2020) ............................. 58 





Figure 4.1: Locations of Permeafor Test Sites (Google, 2021) .................................................... 62 
Figure 4.2: Combined Grain Size Distribution at Permeafor Test Sites ....................................... 65 
Figure 4.3: Custom Permeameter and Constant Head Test Configuration (a) front-view (b) side-
view ............................................................................................................................................... 68 
Figure 4.4: Hydraulic Conductivity Determined with Standard and Custom Permeameter 
(Wuebbolt, 2020) .......................................................................................................................... 68 
Figure 4.5: Hydraulic Conductivity Estimation for Soil and Rock (Freeze and Cherry, 1979) ... 69 
Figure 4.6: Merrimack, NH – FE Everett Test Location (Google, 2021) ..................................... 70 
Figure 4.7: Merrimack – FE Everett SPT Driving Resistance ...................................................... 71 
Figure 4.8: Merrimack B-1005 Sieve Analysis Results ................................................................ 72 
Figure 4.9: Merrimack – FE Everett Hydraulic Conductivity with Depth ................................... 76 
Figure 4.10: Kingston, NH Test Location (Google, 2021) ........................................................... 77 
Figure 4.11: Kingston SPT Driving Resistance ............................................................................ 78 
Figure 4.12: Kingston B-1008 Sieve Analysis Results ................................................................. 79 
Figure 4.13: Kingston Hydraulic Conductivity with Depth .......................................................... 82 
Figure 4.14: Rochester, NH Test Location (Google, 2021) .......................................................... 83 
Figure 4.15: Rochester SPT Driving Resistance ........................................................................... 84 
Figure 4.16: Rochester B-108 Sieve Analysis Results ................................................................. 85 
Figure 4.17: Rochester Hydraulic Conductivity with Depth ........................................................ 88 
Figure 4.18: Ossipee Hydraulic Conductivity with Depth (Wuebbolt, 2020) .............................. 89 
Figure 4.19: Merrimack – RT. 101A Hydraulic Conductivity with Depth (Wuebbolt, 2020) ..... 90 





Figure 5.2: Example Flow and Effective Head, Kingston, PR-1, 1.9 ft Using Shorter Middle Screen
....................................................................................................................................................... 95 
Figure 5.3: Corresponding Typical Q/H’ Response, Kingston, PR-1, 1.9 ft Using Shorter Middle 
Screen ............................................................................................................................................ 95 
Figure 5.4: Example Flow and Effective Head, Rochester, PR-1, 8.9 ft Using Shorter Middle 
Screen ............................................................................................................................................ 96 
Figure 5.5: Corresponding Irregular Q/H’ Response, Rochester, PR-1, 8.9 ft Using Shorter Middle 
Screen ............................................................................................................................................ 96 
Figure 5.6: Kingston PR-1, 15.9 ft Using Shorter Middle Screen, Change in Injection Effective 
Head .............................................................................................................................................. 99 
Figure 5.7: Corresponding Q/H’ Response, Kingston PR-1, 15.9 ft, Using Shorter Middle Screen
....................................................................................................................................................... 99 
Figure 5.8: Kingston PR-1, 15.87 Hydraulic Conductivity, Changing Injection Pressures ....... 100 
Figure 5.9: Rochester PR-1, 10.9 ft Using Shorter Middle Screen, Change in Injection Head .. 101 
Figure 5.10: Rochester PR-1, 10.9 ft Resulting Q/H’ Response ................................................ 101 
Figure 5.11: Rochester PR-1, 10.87 Hydraulic Conductivity, Changing Injection Heads ......... 102 
Figure 5.12: Merrimack-FE Everett, PR-1 through PR-4 Q/H’ Response ................................. 105 
Figure 5.13: Merrimack-FE Everett, Combined Hydraulic Conductivity and Driving Resistance 
Results ......................................................................................................................................... 107 
Figure 5.14: Kingston PR-1, 5.9 ft Using Shorter Middle Screen, Irregular Flow and Effective 
Head Response ............................................................................................................................ 108 
Figure 5.15: Corresponding Q/H’ Irregular Response, Kingston PR-1, 5.9 ft ........................... 108 





Figure 5.17: Rochester, Combined Hydraulic Conductivity and Driving Resistance Results ... 112 
Figure 5.18: Ossipee Comparison of All Hydraulic Conductivity and Driving Resistance Results 
(Wuebbolt, 2020) ........................................................................................................................ 114 
Figure 5.19: Merrimack-RT.101A Comparison of All Hydraulic Conductivity and Driving 
Resistance Results (Wuebbolt, 2020) ......................................................................................... 115 
Figure 5.20: Permeafor Probe Model, PLAXIS 2D .................................................................... 117 
Figure 5.21: Merrimack-FE Everett Model Soil Properties, PLAXIS 2D .................................. 118 
Figure 5.22: PLAXIS 2D Merrimack-FE Everett Head Contours Over Time, 0.2 gal/min Constant 
Flow Condition ........................................................................................................................... 120 
Figure 5.23: Merrimack-FE Everett Calculated Flow and Head, 5 cm from Cavity, 0.2 gal/min 
Constant Flow Condition ............................................................................................................ 121 
Figure 5.24: Merrimack-FE Everett Calculated Q/H, 5 cm from Cavity ................................... 121 
Figure 5.25: Merrimack-FE Everett Calculated Flow and Head, 5 cm from Cavity, 0.1 gal/min 
Constant Flow Condition ............................................................................................................ 123 
Figure 5.26: PLAXIS 2D Merrimack-FE Everett Head Contours Over Time, 0.1 gal/min Constant 
Flow Condition ........................................................................................................................... 123 
Figure 5.27: PLAXIS 2D Merrimack-FE Everett Head Contours at 15 min with Varying Constant 
















 There are currently several in situ and laboratory methods of determining hydraulic 
conductivity of soils, however, it remains a difficult parameter to obtain accurately and 
economically. Current laboratory tests are performed on soil specimens that are disturbed by the 
sampling process and only represent a portion of the overall site. Some in situ testing methods are 
also available such as the pump test but are expensive and provide an average value of conductivity 
for the site. As a result of this averaging, critical zones of high or low hydraulic conductivity in 
the profile could be missed and represented by a misleading overall estimate. To characterize 
hydraulic conductivity for the design of stormwater best management practices (BMP’s), the New 
Hampshire Department of Transportation currently uses a traditional field test, the borehole 
infiltration testing. The interpretation method of this test uses general assumptions and lacks 
vigorous analysis due to its development in the 1950’s.  
The proposed solution to these issues is to use a Permeafor, an instrument originally 
developed in France to measure horizontal hydraulic conductivity in situ. This property is 
determined by means of flowing water into the soil at any given depth, then obtained through the 
relation of applied hydraulic head and resulting flow. The tool has been designed, built, and tested 
here at the University of New Hampshire. Using knowledge acquired during preliminary testing, 
several modifications in the testing procedure have been made, simplifying, and improving the 
method as well as the equipment used. The tool has been currently used extensively on five 
different sites across the state, where the soil varied in characterization from coarse to silty sands. 
Along with these fields tests, several more established and accepted in situ and laboratory methods, 





the results found from the Permeafor. The work completed in this research shows the Permeafor 
is able to rapidly hydraulically characterize soils at different depths to generate profiles of 
hydraulic conductivity. Thus, proving that the Permeafor is a useful tool in bridging the gap 
























1.1.  Hydraulic Conductivity Testing  
 Hydraulic conductivity, or permeability, is an important soil parameter that is commonly 
used in geotechnical and geoenvironmental engineering. It can be defined as the ease at which a 
fluid, usually water, can flow through a medium. Hydraulic conductivity is needed in many aspect 
of design and analysis such as fate and transport, dewatering and drainage, excavations, tunnels, 
dams, hydrology, and groundwater flow. In New Hampshire, an important aspect of understanding 
hydraulic conductivity is for the design of stormwater best management practices (BMP’s). BMPs 
are important systems being implemented more frequently across the state to control runoff from 
storm events. For the design of BMPs, accurate measurements of in situ hydraulic conductivity is 
critical in permitting and regulations regarding the infiltration of water into the subsurface.  
 There are several proposed ways to estimate hydraulic conductivity through laboratory 
testing and in-situ methods. Despite the number of methods, it still remains a difficult parameter 
to estimate accurately. In laboratory testing methods, there are several significant drawbacks 
including are sample disturbance and small specimen size. When reconstituting samples to prepare 
laboratory specimens, the process can be very difficult and often results in a specimen that does 
not match the in-situ condition exactly such as density and soil structure. The other common issue 





the site, leading to a possible mischaracterization of the in-situ conditions. In-situ tests have their 
own drawbacks but also have the ability to test over a larger scale and with in situ conditions of 
stress and densities. Empirical grain size relationships can also be used to estimate hydraulic 
conductivity but are not always applicable to soils found in many natural geologic settings.  
 The New Hampshire Department of Transportation (NHDOT) currently uses the borehole 
infiltration test to estimate the hydraulic conductivity for the design of BMP’s. The test is 
conducted by measuring the rate at which water flows out of the bottom of a borehole, through a 
pocket of well-graded sand filter, under a hydraulic head. This test is simple to implement and 
carry out but the process is very time consuming, especially if a profile of hydraulic conductivity 
is desired. Each test may take several hours requiring an initial soaking of the test zone. The test 
measurements are also analyzed using methods that were established by Hvorslev (1951) more 
than 70 years ago which are outdated and require several assumptions. As a result, the NHDOT 
has partnered with the University of New Hampshire (UNH) to develop a more efficient and 
reliable test method.  
1.2. Proposed Permeafor Testing  
 The proposed method is to use Permeafor testing, which was originally developed in 
Strasbourg, France in the early 1980s to estimate in situ horizontal hydraulic conductivity. The 
Permeafor is a cylindrical probe that has a perforated screen section at the tip or at the mid-section. 
The probe is attached to a supporting system where the user can apply an injection head and 
observe the values of flow and pressure exiting the perforated section. The probe is advanced into 
the ground, while water is pumped through the perforated screen. During advancement, the amount 
of water being injected into the soil is kept constant. When a test depth is reached, a constant 





 The method that has been developed in France to estimate the hydraulic conductivity of 
the soil stratigraphy, is to obtain the ratio of the observed flow under the applied effective head at 
a standard time of 10 seconds. Using these ratios allowed the evaluation of relative changes in 
hydraulic conductivity. Previous work at UNH by Larrabee (2008) and Wuebbolt (2020) using a 
small scale Permeafor and a standard size permeafor, respectively, suggested that a longer test time 
should be use for proper estimation of hydraulic conductivity. The probe and test method has been 
shown to accurately estimate the in situ permeability in granular soils and has been identified as a 
potential replacement to the current NHDOT testing method. However, testing was performed in 
a limited number of soil types. Conducting testing at sites with varying soil stratigraphies, along 
with the use of finite element modeling to better understand the flow around the permeafor, the 
testing method may be validated.  
1.3. Research Objectives  
 This thesis describes the work conducted to evaluate the current Permeafor testing method 
to estimate the in situ hydraulic conductivity more accurately. The results of this research would 
allow the adoption of the testing method by NHDOT to provide a more reliable and economically 
beneficial way of estimating permeability for the design of BMPs. The objectives of this research 
are as follows:  
1. Review available permeafor drawings, adapt design features to be compatible with 
NHDOT equipment and operations, and fabricate a prototype for further evaluation in the field. 
2. Conduct field testing to compare the performance of the permeafor alongside the existing 
in situ and laboratory test methods. 
3. Recommend and implement design modifications to the system or procedure as a result 





4. Provide a workable permeafor device along with a testing procedure suitable for 
implementation on NHDOT projects. 
 Through these objectives it is hoped the improvements in the Permeafor tool and testing 
procedures will allow for the determination of hydraulic conductivity more accurately and 
simpler than the current methods available.  
 This thesis consists of 6 chapters that cover the following topics. Chapter 1 introduces the 
research topic along with its objectives. Chapter 2 provides background information on 
hydraulic conductivity, the methods to estimate this soil property, results from previous 
Permeafor testing and the use of the finite element method to model flow in soils from a 
borehole. Chapter 3 includes information of the method and procedure used to conduct 
Permeafor testing. Chapter 4 characterizes each site in New Hampshire where Permeafor 
testing was carried out. The results of these tests along with results from finite element analyses 
are discussed in Chapter 5. Finally, Chapter 6 provides a summary and conclusions of the work 






















 Hydraulic conductivity in soil mechanics describes how a fluid, typically water, flows 
through porous medium such as soil, under certain hydraulic conditions. Specifically, it describes 
how easily water can flow through the medium, expressed in terms of distance per time. In 
geotechnical engineering, the term is interchangeable with permeability or the coefficient of 
permeability, and all three may be used within this thesis. Serval methods have been proposed 
attempting to measure this property, both for laboratory and in situ settings. Each method has 
advantages and disadvantages, where each could suggest slightly different values. Therefore, it is 
generally difficult to select the most representative and reliable test method.  
 The hydraulic conductivity of geologic media is dependent on several different parameters 
such as grain size, relative density, grain size distribution, void ratio, degree of saturation, 
temperature, and hydraulic conditions. The value can range significantly depending on the 
medium. Therefore, choosing one representative value can be difficult, as the hydraulic 
conductivity can range over several orders or magnitude based on the soil type and in place density. 
In general, the trend in hydraulic conductivity is the smaller the size of the particles, the smaller 





hydraulic conductivity, the advantages and disadvantages to each, the property of hydraulic 
conductivity itself, and how it can be used for different applications in geotechnical engineering.   
2.1. Hydraulic Conductivity Fundamentals  
 
 Fluid flow can be described as steady or unsteady depending on the behavior with time. 
For one-dimensional flow, the properties of the fluid such as temperature, pressure and velocity 
are constant in any cross-section perpendicular to the direction of flow. In two-dimensional flow, 
these parameters are the same in parallel planes, while they vary in all directions with three-
dimensional flow. While different classification of flow exist, for most geotechnical engineering 
applications, either one- or two-dimensional flow is assumed, along with assuming water to be 
incompressible for analysis purposes (Holtz et al., 2011). Flow can also be described as either 
laminar or turbulent. Laminar flow is present when flow patterns occur in parallel while turbulent 
flow allows for the mixing of flow patterns, resulting in random fluxes of velocity and energy 
dissipation. A transitional state describes the behavior of a fluid in between these two conditions. 
These states are shown in Figure 2.1 after Taylor (1948). The figure shows that the hydraulic 
gradient (i), described as the energy or head loss (h) per unit length (l), changes with increases in 
flow velocity.  
 For most soils, flow is generally slow, so laminar flow can be assumed. Therefore, the 
velocity can be described through Equation 2.1, due to the linear relation between the hydraulic 






Figure 2.1: States of Fluid Flow (Holtz et al., 2011) 
𝑣 = 𝑘𝑖 (2.1)   
where:  v = discharge velocity (cm/sec) 
  k = hydraulic conductivity (cm/sec) 
  i = ∆"	
$
 = (h1 – h2)/l = hydraulic gradient (cm/cm) 
  h1 = initial head  
  h2 = final head  
 Henry Darcy, a French waterworks engineer (1856), applied the law of conservation of 
mass, which for incompressible steady flow reduces to the continuity equation, to show that the 
flow rate for clean sands is proportional to the hydraulic gradient. When the two relationships are 
combined, the result obtained is referred to as Darcy’s Law, described in Equation 2.2. The key 
equation to express flow and hydraulic conductivity for geotechnical engineering applications is 
described in Equation 2.3.  
𝑄 = 𝑣𝐴 = 𝑘𝑖𝐴 = 𝑘
∆ℎ







𝑖𝐴  (2.3) 
where:  Q = flow rate of fluid (cm3/sec) 
  i = hydraulic gradient (cm/cm) 
  A = area perpendicular to flow (cm2) 
 Additionally, another important property used to describe fluid flow is the law of 
conservation of energy. Applying this with Newton’s second law of motion for any mass, the 
forces acting on a single flowing fluid particle, of dimensions dx, dy, and dz can be described 
through Equation 2.4. Using this relationship, the movement of the fluid particle between any 
two points can be determined. This is visually shown in Figure 2.2 where the fluid is traveling 
from point 1 to point 2 at a velocity, V. The particle experiences force from both pressures being 
applied on either side of the body, along with the additional force of gravity, found by the 
difference in height between the ends, Δz.  
𝐹%&'(()&'+𝐹*&+,-./ = 𝑚%+&.-01'𝑎%+&.-01' (2.4)     
 
Figure 2.2: Single Particle Fluid Flow (Damani and Chopde, 2015) 
 Using the incompressibility of water, an infinitely small length of the flowing fluid particle, 





Introducing known values of forces and particle mass, along with this relationship, the movement 




(𝑝 + 𝛾𝑧) = 𝜌𝑎%+&.-01' (2.5)     
 where: p = pressure (N/cm2) 
  Δs = length of flow along the streamline (cm) 
  Z = elevation drop over L (cm) 
  γ = unit weight of fluid (N/cm3) 
  ρ = density of water particle (g/cm3) 
 Combing this equation with the continuity equation, results in Equation 2.6, which is 
known as the Bernoulli equation. Using this relationship, along with the law of conservation of 
energy, it can be observed that the total pressure will not change, and remain at a constant value 
(C), for any point along an infinitely small length of flow, Δs.  
𝑝 + 𝛾𝑧 + 𝜌 8
𝑣2
2 : = 𝐶 (2.6)     
where:  p = pressure (N/cm2) 
  γ = unit weight of water (N/cm3) 
  z = height from arbitrary datum (cm) 
  ρ = density of water (g/cm3) 
  𝑣 = flow velocity (cm/sec) 
  C = constant pressure along streamline (N/cm2) 
 This equation can also be expressed through head by dividing all terms by the unit weight 






𝛾 + 𝑧 +
𝑣2
2𝑔 = 𝐶 (2.7)     
where:  g = acceleration due to gravity (cm/csec2) 
  C = constant head along streamline (cm) 
 Since total head along a streamline is also constant, Equation 2.8 can be found which is 
known as the one-dimensional flow equation. Common sources and sinks of head, from additional 
head from a pump, or from total head loss due to frictional losses between points 1 and 2, are 
typically added into this form of the expression.  
𝑝3
𝛾 + 𝑧3 +
𝑉32
2𝑔 + ℎ4 =
𝑝2
𝛾 + 𝑧2 +
𝑉22
2𝑔 + ℎ1 (2.8)   
where:  hp = head added by pump (cm) 
  hl = head lost by friction (cm) 
2.2. Stormwater Best Management Practices (BMP’s)  
 
 In order to protect bodies of water across the state from runoff collected during storm 
events, the New Hampshire Department of Transportation (NHDOT) uses the implementation of 
stormwater Best Management Practices (BMP’s) to control this runoff before it enters a body of 
water such as groundwater. The New Hampshire Department of Environmental Services (NHDES) 
has developed the New Hampshire Stormwater Manual as a reference guide to assist the state in 
the selection, design, and application of these BMP’s.  
 There are several types of BMP’s that can be chosen for a specific site such as infiltration 
ponds, wetlands, detention basins, and many more. The selection of a specific BMP is based on 
the ability of the system to meet the management objectives, along with specific site dependent 
factors. These include land use, physical feasibility, watershed resources, community and 





Stormwater Manual, 2008). NHDES recommends this manual be followed and provides different 
tables which outline the use of different systems, how they meet specific objectives, and 
summarizes their applicability. Once a BMP type has been identified, certain design criteria must 
be met for sizing the system to ensure it complies with the Alteration of Terrain (AoT) regulations, 
outlined in Env-Wq 1500 (NHDES). A key parameter needed to meet these design criteria is the 
infiltration rate of water that will be entering the ground. In order to find the infiltration rate for a 
given site, the hydraulic conductivity must be known. This hydraulic conductivity for the site is 
obtained through means of laboratory testing, soil maps, or in situ testing. Once obtained, Darcy’s 
law is used to describe the amount of water flowing through a unit area of soil in the basin, shown 
in Equation 2.9. It can be seen that both the hydraulic conductivity and hydraulic gradient have a 
direct impact on the design.  
𝑄
𝐴 = 𝑘𝑖 (2.9)     
where:  Q = flow through bottom of basin (cm3/sec) 
  A = surface area of basin where flow is occurring (cm2) 
  k = hydraulic conductivity (cm/sec) 
  i = hydraulic gradient (cm/cm) 
 Once an infiltration rate is found for a specific site, the location can be determined to be 
adequate or inadequate. This is done by comparing the actual infiltration rate to the maximum 
allowed infiltration rate of 10 in./hr. This maximum rate ensures that the water entering the system 
has enough time to be treated properly before exiting the system into the groundwater. With the 
infiltration rate, the size can be determined in which two criteria are satisfied. One is that a volume 
of runoff known as the water quality volume (WQV) will drain from the system in 72 hours. The 





amount of rainfall in inches, P, required to flush 90% of contaminants to the basin is typically 
around one inch for pervious watersheds, and about a half inch for impervious watersheds, which 
is any surface that cannot effectively absorb or infiltrate rainfall. Once a P has been determined, 
along with the area of the watershed, the WQV can be determined through Equation 2.10 (NHDES, 
2008). 
𝑊𝑄𝑉 = (𝑃)(𝑅5)(𝐴) (2.10)     
where:  P = 1” of rainfall  
  RV = unitless runoff coefficient = 0.05 + 0.9(I) 
  I = percent impervious cover draining to the structure (decimal form) 
  A = total site area draining to the structure 
2.3. Laboratory Methods for Measuring Hydraulic Conductivity  
 
 Several methods can be used to determine hydraulic conductivity, through both laboratory 
and in-situ settings. Laboratory tests tend to be less expensive than large scale field tests, such as 
the pump test for example. However, testing is usually conducted on reconstituted specimens and 
results in sample disturbance, especially for granular materials. This results in loss of the soil 
structure; therefore, results can only be considered a crude estimate of the hydraulic conductivity 
in the field. Another issue with laboratory methods is that they do not provide a true representation 
of the actual field conditions due to the complexities of the subsurface deposits. Soil deposits are 
not usually homogenous, and soil properties can vary significantly in both the vertical and 
horizontal directions. Assumptions are usually made to simplify the profile and account for these 
heterogeneous conditions. Along with sample disturbance that usually occurs during testing or 





some of the laboratory methods that are commonly used to estimate hydraulic conductivity, 
specifically, the constant and falling head permeability test, and empirical grain size relationships.  
2.3.1. Constant head Test  
 
 One laboratory method commonly used to measure the hydraulic conductivity, typically of 
granular soils, is the constant head permeability test. The test setup is shown schematically in 
Figure 2.3. This test method consists of supplying water to soil specimen under a known hydraulic 
head and measuring the resulting flow through the soil. Depending on the type of soil and its 
permeability, different testing protocols are followed (ASTM, 2015; ASTM, 2019). The flow can 




 (2.11)     
where:  Q = measured flow (cm3/sec) 
  L = length of sample parallel to flow path (cm) 
  h = applied hydraulic head (cm) 
  A = cross-sectional area of sample perpendicular to flow path (cm2) 
 






2.3.2. Falling head Test  
 
 For soils contain more fine materials, and thus a lower hydraulic conductivity, the falling 
head permeability test is a more appropriate method that is used to determine the hydraulic 
conductivity. This method is shown schematically in Figure 2.4. Using Equations 2.12 and 2.13, 
the measured flow through the specimen applied by a change in the hydraulic gradient can be 
obtained. Integrating this relationship allows for the hydraulic conductivity to be determined as 
shown in Equation 2.14.  
 
Figure 2.4: Falling Head Laboratory Configuration (Holtz and Kovacs, 1981) 
𝑄67 = −𝑎𝑣 = −𝑎 D
𝑑ℎ
𝑑𝑡G (2.12)     
where:  QIn = flow of water into specimen (cm3/sec) 
a = cross-sectional area of standpipe providing water perpendicular to flow (cm2) 
  v = velocity of water level drop (cm/sec) 
  h = head level (cm) 






𝑄8). = 𝑘𝑖𝐴 = 𝑘 D
ℎ
𝐿G𝐴 (2.13)     
where:  QOut = flow of water discharged from specimen (cm3/sec) 
k = hydraulic conductivity (cm/sec) 
  i = hydraulic gradient (cm/cm) 
  A = cross-sectional area of sample perpendicular to flow (cm2) 
  h = head level (cm) 
  L = length of sample parallel to flow (cm) 






G (2.14)     
where:  t2 – t1 = time interval between head measurements h1 and h2 
 Figure 2.5 shows the range of hydraulic conductivity for different soil types, determined 
through laboratory testing. It can be seen that soil with higher fine contents, such as clays, have a 
lower hydraulic conductivity compared to soil with low fine content, such as sand. It can also be 
seen that the void ratio (e) is a factor that effects the hydraulic conductivity. Where a decreasing 






Figure 2.5: Permeability Test Data (Lambe and Whitman, 1969) 
2.3.3. Grain Size Correlations 
 
 Several empirical formulas have been proposed to estimate the hydraulic conductivity of 
soil based strictly on index properties such as the size and/or the size distribution of the soil grains. 
Three of these empirical formulas will be used for comparison with results from the permeafor; 
Hazen (1930), Prugh (1950), and Alyamani and Sen (1993).  
 The method of Hazen (1930) is the simplest as it solely relies on the effective grain size 
diameter of the soil, D10. The limitation to this method is that it was developed based on tests on 
uniformly graded clean sand. This empirical method to estimate the hydraulic conductivity of the 
soil can be seen in Equation 2.15.  
𝑘 = 𝐶3 ∗ 𝐷392  (2.15)     
where:     k = hydraulic conductivity (cm/sec) 





     D10 = grain size diameter of the particles corresponding to 10% passing by weight (mm) 
 Another widely accepted method is the one proposed by Prugh (1950). This method 
considers the entire grain size distribution of the soil and the in-place relative density. The method 
uses D10, D50, and D60 from the grain size distribution to calculate the coefficient of uniformity, Cu, 
defined through Equation 2.16. Three charts are provided for three relative densities: loose, 50% 
and dense as shown on Figure 2.6. The permeability is then estimated directly from the charts 
using D50, Cu and the appropriate relative density. Prugh’s permeability estimates were developed 
on the assumption that pore size is based on grain size, uniformity, and in situ estimated relative 
density. This is not always the case, for example this relationship is not applicable in weakly 




 (2.16)     
where:  D10 = effective particle size, where 10% of particles are finer by weight  






Figure 2.6: Prugh Plots to Estimate Hydraulic Conductivity (Powers and Burnett, 1996) 
 Another method used to estimate the hydraulic conductivity of soil is that proposed by 
Alyamani and Sen (1993). This method, similar to the method by Prugh, uses D10 and D50 from the 
grain size distribution, and an empirical factor I0, represented by the red dashed lines shown in 
Figure 2.7. To determine the hydraulic conductivity, Equation 2.17 is then used. This method is 
very sensitive to the shape of the gradation curve, which can significantly affect the resulting 
hydraulic conductivity estimate (Odong, 2008). 
𝑘 = 1.505 ∗ Q𝐼9 + 0.025 ∗ (𝐷<9 − 𝐷39)S
2 (2.17)     
where:  I0 = X intercept of a line passing through D10 and D50 (mm) 
  D10 = grain size diameter of the particles at 10% passing by weight (mm) 






Figure 2.7: Alyamani and Sen Empirical Grain Size Correlation Method 
 Other empirical correlations between grain-size and hydraulic conductivity have been 
proposed. However, these three methods were selected for this research because they require a 
minimum number of easily determined parameters from sieve analyses.  
2.5. Field Methods for Measuring Hydraulic Conductivity  
 
 Some field methods are also used to determine hydraulic conductivity to attempt to obtain 
an in situ value. However, these tests are often expensive and provide an average value for the site. 
Because of this averaging, the hydraulic conductivity in certain zones of a profile can be missed 
or incorrectly characterized. Within this section the double ring infiltrometer, the piezocone 
penetration test, the pump test, and the borehole infiltration test, all in situ methods commonly 
used to estimate hydraulic conductivity, are described.  
2.5.1. Double Ring Infiltrometer  
 One in situ test methods is using the double ring infiltrometer. The test consists of two 
different rings of different diameters, shown in Figure 2.8. The test is conducted by driving these 





added to both the inner and outer ring and kept at a constant height over time. The amount of water 
needed to keep this constant water level is recorded. This process is repeated several times, where 
the recommended testing duration is 8 hours, with intervals of 15, 30, and 60 minutes for the first, 
second, and remaining hours of testing, respectively (Johnson, 1963). The infiltration rate can then 
be found by measuring the fall per elapsed time interval and if a constant flow is observed, an 
estimate of hydraulic conductivity can be made using Darcy’s law.  
 
Figure 2.8: Double Ring Infiltrometer (Braneon, 2017) 
2.5.2. Piezocone Penetration Test (CPTU) 
 A more versatile in situ method to measure the drainage properties of soils along an entire 
profile is the piezocone penetration test (CPTU). This method consists of advancing a cylindrical 
probe equipped with a pore water pressure sensor and load cells to measure the tip and sleeve 
resistances as well as the penetration pore pressures as the probe is pushed into the ground. With 
the CPTU it is possible to conduct a dissipation test which consists in observing the dissipation of 
excess pore pressures over time as shown in Figure 2.9. By observing the dissipation of these pore 






Figure 2.9: CPTU Dissipation of Excess Pore Water Pressure Over Time (Bałachowski, 2006) 
 The hydraulic conductivity can then be obtained empirically using the tip resistance, 
frictional resistance, and change in pore pressures observed over time (Manassero, 1994). Using 
this information an empirical factor, BK, can be obtained and then related to hydraulic conductivity, 
using Equations 2.18 and 2.19, respectively. While this method is reliable in cohesive soils, a long 
period of time is required to observe the change in pore pressures.  
𝐵= =
𝑞.2
100 ∗ 𝑓( ∗ ∆𝑢
 (2.18)     
where:  qt = tip resistance (MPa) 
  fs = skin friction (MPa) 
  Δu = pore pressure change (MPa) 
log(𝑘) = 2.61\𝐵= − 10.93 (2.19)     
2.5.3. Pump Test 
 To determine hydraulic conductivity over a large-scale volume of soil, the most common 
test method is the pump test. Testing is conducted with the use of a minimum of three wells, two 
smaller observation wells and one larger well used to pump out groundwater as shown in Figure 
2.10. As groundwater is pumped out over time, a cone of depression or drawdown curve can be 





levels due to the drawdown curve to be measured. The flow of water being pumped out will change 
until a steady-state condition is observed (Kruseman, 2000). 
 
Figure 2.10: Pump Test Configuration (Sikdar P.K., 2019) 
 The hydraulic conductivity can then be found using Equations 2.20 and 2.21 for confined 
and unconfined aquifers, respectively. While this test allows for hydraulic conductivity to be 
obtained for a large volume of soil, the value is an average for the entire soil volume. Therefore, 
possible zones of critically high or low permeabilities may not be identified. Additionally, the 
results indicate a more representative value of the horizontal hydraulic conductivity due to the 





b	 (2.20)     
where:  k = hydraulic conductivity (cm/sec) 
  h = water level in observation well a distance, r (cm), from pumping well (cm) 




b	 (2.21)     





  h = piezometric level in observation well, a distance r (cm) from pump well (cm) 
2.5.4. Borehole Infiltration Testing  
 The in situ test method that is adopted and currently used by the NHDOT is the borehole 
infiltration test. It is commonly used due to its simplicity and only involved the use of a cased 
borehole drilled into the ground. A filter material, typically a coarse sand with a high permeability, 
is placed into the bottom of the borehole to create an isolated test zone. The casing is then lifted 2 
ft, exposing the filter material to the soil profile. The borehole is then filled with water, thus 
allowing for flow to be observed out of the test zone. A schematic of this method can be seen in 
Figure 2.11. 
 
Figure 2.11: Borehole Infiltration Test Schematic (Wuebbolt, 2020) 
 The height of water in the borehole is either kept constant or allowed to change over time, 
where either the flow or the change in height is measured, respectively. A hydraulic conductivity 
can be obtained by using an empirical shape factor, which accounts for the shape of the flow area 





shape factors used were outlined by Hvorslev (1951), along with a time lag factor that accounts 
for the amount of time needed for stabilization of flow through the borehole. This allows for the 
hydraulic conductivity to be estimated through Equation 2.22. If steady-state flow conditions can 
be observed for the borehole, Equations 2.23 and 2.24 can be used for constant and variable head 
tests, respectively (Hvorslev, 1951).  
𝑘 =
𝐴
𝑇𝐹 (2.22)     
where:  A = cross-sectional area of boring standpipe (cm2) 
  T = time lag (sec) 
  F = shape factor (cm) 
𝑘 =
𝑄
𝐹𝐻 (2.23)     
where:  Q = measured flow (cm3/sec) 
  F = shape factor (cm) 







G (2.24)     
where:  t2 – t1 = elapsed time between head measurements (sec) 
  H1, H2 = beginning and end head measurement of test interval (cm) 
 When the water is initially added into the borehole, a minimum of 30 minutes is needed to 
allow the test interval to soak. After the pre-soaking period and ensuring the water level is at the 
top of the casing, adding water due to the soaking period if needed, the test is begun. The depth of 
the water level is then measured for a one-hour period, or until the casing is fully drained. The 
measurements are made every minute for the first 16 minutes, then one measurement at 18 minutes 





made every five minutes for the remainder of the one-hour interval. This is repeated three more 
times for a total of four trials. If needed, the borehole can be advanced to the next test depth and 
this process is repeated. An example of water level measurements obtained during testing is shown 
in Figure 2.12 along with the resulting calculated hydraulic conductivity after applying the 
empirical shape factor.  
 
Figure 2.12: Example of Water Level Vs. Time and Hydraulic Conductivity vs. Trial Number (ASTM 
D6391, 2020) 
 While borehole infiltration testing is a common and well-established test method, it does 
present several disadvantages. This includes the empirical nature and assumptions made with 
both the shape and time lag factors used in analysis, along with soil disturbance issues 
encountered from preparation of the borehole. The test is also time consuming, requiring a good 
part of the day to obtain a permeability at a single depth. However, in ideal conditions the test 
method provides a good estimate of the in-situ hydraulic conductivity. 
2.6. Permeafor Permeability Testing  
 
 The Permeafor is an in situ soil testing instrument that was originally developed in the 





Testing consists in driving a cylindrical probe equipped with an injection section into a soil profile. 
This section is a recessed perforated length along the cylindrical probe that allows for flow to exit 
the probe. A schematic of the probe can be seen in Figure 2.13. By observing the change of flow 
out of the perforated screen section, a hydraulic conductivity can be estimated. A small scale 
Permeafor probe was previously developed at the University of New Hampshire (UNH), which 
was based on the original French probe design (Larrabee, 2008). A full-scale version using the 
same general design was then also developed at UNH (Wuebbolt, 2020). Modifications to the 
original design have been made by machining the probe into several sections along the length. 
This allowed for more modularity and the ability to remove certain sections to fix damaged 
sections or for future improvements.  
 







2.6.1. Cavity Flow and Representative Shape Factors 
 
 Flow from a cylindrical cavity into surrounding soil follows Darcy’s law described in 
Section 2.2. The way flow entering the surrounding soil is described through a shape factor, C, 
which represents the distribution of hydraulic head around the cavity from the induced flow. The 
shape factor, and thus the distribution of hydraulic head, is dependent on the geometry of the 
permeable cavity. The change in geometry of the permeable area of the cavity is represented by 
different length to diameter ratios, (L/D), or aspect ratios. In general, as L/D increases, the 
distribution of hydraulic head around the cavity, represented by equipotential lines, elongates and 
can be described as an ellipsoid shape. This is the case for L/D greater than five, while for L/D 
equal to one, the shape of the equipotential lines is more spherical. These different distributions 
are shown in Figure 2.14. Using the shape factor to describe the corresponding distribution of 







Figure 2.14: Equipotential Lines of a Cylindrical Cavity, Varying L/D (Rat et al., 1968) 
𝑄 = 𝑘𝑖𝐴 = 𝑘 D
𝐻
𝐿G𝐴 = 𝑘𝐻 D
𝐴
𝐿G = 𝑘𝐻𝐶 (2.25)   
 Several solutions and modifications have been proposed to represent this shape factor. 
They have been found through analytical, experimental, and numerical solutions. Most solutions 
have a general agreement with one another; however, some vary depending on the estimates and 
assumptions made in the development (Chapuis, 1989; Silvestri et al., 2013). While variance 
between proposed shape factors can be observed, they were all developed using the same basic 
Laplace equation for flow in an infinite medium. This equation defines the location and magnitude 
of equipotential lines, or lines of total head, and is therefore an essential component when 
considering flow and hydraulic gradient (Wuebbolt, 2020). Using this equation and assuming the 
shape of the flow around the perforated section it can be simplified to a sphere or an ellipse. From 





Using these simplified flow shapes, Hvorslev (1951) proposed some of the most commonly used 
shape factors. As discussed, the primary effect on the shape factor is the length to diameter ratio, 
(L/D) of the cavity. As L/D increases, at a value greater than 1.2, the cylindrical cavity can be 
approximated as an ellipse. However, as L/D increases to a value larger than 10, the equations 
used to approximate the shape factor converge, and the shape is no longer best modeled by an 
ellipse, resulting in a different proposed solution (Cassan, 1980). With smaller L/D values, the 
more representative shape of the equipotential lines is a sphere or a half-sphere. This is because 
the smaller the ratio of L/D, the equipotential lines become more circular, as shown in Figure 2.14. 
Specifically, for L/D from 0.7 to 1.2, the equipotential lines are more circular and are best 
represented as a spherical cavity. When the ratio ranges from 0.5 to 0.7 a half-sphere is more 
representative, as most of the water travels downward from the cavity rather than horizontally. 
This is represented in Figure 2.14 where it can be seen that as L/D reduces the portion of vertical 
flow becomes greater than horizontal.  
 While these approximate methods have been accepted and used, more exact solutions to 
represent the shape factor have been proposed, shown in Table 2.1. Different approaches have 
been used to do this, from numeric to electric analog methods, and they have shown that the 
approximated shape factor methods can be inaccurate, especially if used outside the suggested L/D 
range. An exact analytical solution to represent the shape factor for L/D from zero to 16 was found 
through the derivation of the Laplace equation and representing the equipotential lines in the radial 
and longitudinal directions as curvilinear coordinates. The method was shown to represent the 
shape factor for a cavity accurately and compared well to electric analog studies conducted which 
originally showed the inaccuracies with the ellipsoid approximation (Silvestri et al., 2012, Silvestri 





which allows for horizontal and vertical flow from the test zone cavity. To represent a cylindrical 
cavity that has an impermeable base, and only allows for horizontal flow, the shape factor for an 
L/D equal to zero can be solved for. Using electric analog testing, (Chapuis, 1989) was able to find 
this shape factor and subtract it from the shape factor with the permeable base, to represent 
horizontal flow from the cavity only. This factor was found to be about 2.75 times larger than the 
diameter of the cavity. Shown in Table 2.1 are the proposed shape factors found through various 
assumptions, along with the applicable range of L/D ratios. 
Table 2.1: Proposed Shape Factors for Cylindrical Cavity  
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2.6.2. Q/H’ Analysis with Time 
 
 During a permeafor test a hydraulic head is applied through the perforated screen section. 
By observing the change in flow under this head over time, hydraulic conductivity can be estimated 
using the appropriate shape factor. Accounting for the depth of the probe and the geometry of the 
perforated cavity, an effective hydraulic head at the screen can be calculated, as later discussed in 
Section 2.5.3. By dividing the observed flow by this effective hydraulic head, the ratio of flow to 
effective head is obtained, (Q/H’). This ratio can be considered to be the amount of pressure needed 
to allow flow across a soil medium, therefore, indicating a direct relationship to hydraulic 
conductivity. Large values of Q/H’ suggest that more flow can move across the medium under less 
pressure, indicating a more permeable soil, while a smaller ratio indicates a less permeable soil. 
This ratio has been used to show good hydraulic conductivity estimates in a short amount of time 
(Reiffsteck et al., 2009).  
 By advancing the probe throughout a soil profile and observing Q/H’ at specific test depths, 
it is possible to obtain a profile of hydraulic conductivity. The observation of the decay of Q/H’ 
during testing conducted in France was made for 10 seconds, then the probe was advanced to the 
next test depth. Using the UNH permeafor and the difference in equipment used to advance the 
probe, it has been shown that testing should be conducted between 15 to 30 minutes to ensure a 
steady-state Q/H’ state has been reached (Wuebbolt, 2020).  
 In order to show this, a series of three tests with varying conditions were conducted in 
Merrimack, NH (Wuebbolt, 2020). The Q/H’ response from each test can be seen in Figure 2.15. 
The first test, shown in Figure 2.15(A), was conducted in a constant effective head condition where 
the pressure was maintained at 10±0.05 psi. During the second test, shown in part B of the figure, 





increased in 2 psi increments, starting at 10 psi and ending at 26 psi. Finally, the third test can be 
seen in part C of the figure. During the test, the same behavior as test B was observed, resulting in 
increasing the pressure incrementally. However, at approximately 8 minutes the test was switched 
to a constant flow condition, where the pump was used to automatically increase the pressure in 
order to maintain a flow rate of 0.2 gal/min. Regardless of these varying testing conditions, shown 
in Figure 2.15(D), the response of Q/H’ is similar for each test. This suggests that Q/H’ is 
independent of the testing procedure and a representative property of the soil is being measured, 






Figure 2.15: Example of Flow, Effective Head, and Resulting Q/H’ Measurements with Respect 
to Time (Wuebbolt, 2020) 
 It has been shown that even with a change in hydraulic head, a steady-state condition of 
Q/H’ can be reached given sufficient time. This is shown in Figure 2.16, where results show that 





is constant. This indicates that the ratio of flow to effective head can be used to estimate the 
hydraulic conductivity of a soil, ensuring that a steady-state condition has been met (Ursat et al., 
1989).  
 
Figure 2.16: Change in Q/H’ Depending on Applied Head (Ursat et al., 1989) 
2.6.3. Q/H’ Relation to Hydraulic Conductivity  
 
 The cylindrical cavity created in the surrounding soil when the probe is advanced, is equal 
to the dimensions of the probe. The flow out of this test cavity is described through a modification 
of Darcy’s law shown in Equation 2.26, where the shape of the cavity is represented by a shape 
factor previously described. The equation can then be rearranged to find the hydraulic conductivity 
as a function of Q/H’, shown in Equation 2.27. Using the steady-state Q/H’ value, the hydraulic 
conductivity at each permeafor test depth can be evaluated. An assumption can be made that once 
a steady-state Q/H’ value has been reached, the test zone cavity has been fully saturated, therefore, 





noted this equation only applies for saturated conditions and laminar flow, based on assumptions 
made in its derivation.  
𝑄 = 𝑘𝐻𝐶 (2.26)   
where:  k = hydraulic conductivity (cm/sec) 
  H’ = applied hydraulic head (cm) 





𝐶G (2.27)   
 During permeafor testing only horizontal flow is induced into the soil. Therefore, the 
modification to the shape factor proposed by Chapuis (1989) for a non-permeable base is 
applicable for permeafor testing. The shape factor proposed by Silvestri et al. (2013), is an exact 
solution of flow out of a cylindrical cavity. This shape factor is also applicable over a wide range 
of L/D ratios, zero to 16. Therefore, combining this formulation of the shape factor, along with the 
modification proposed by Chapuis (1989), results in a representation of the shape factor most 
applicable for permeafor testing, found by using Equation 2.28. A modification of 2.8 instead of 
2.75 as suggested by Chapuis (1989) was used to reflect the shape factor being equal to zero when 
the aspect ratio (L/D) is equal to zero. The resulting shape factor is defined in Equation 2.29 
















(2.28)   
where:  (C/D)A = original normalized shape factor by Silvestri et al. (2013) 











𝐷 < 16 (2.29) 
 
 Finite element analysis should be investigated to better understand the behavior of cavity 
flow into a soil formation and the different shape factors that describe the flow. Through this 
numerical analysis, exact solutions to the different shape factors previously described can be 
obtained. Allowing for the verification of the proposed factors. Also allowing for an investigation 
into the distribution of equipotential lines around a cylindrical cavity, as proposed by Rat et al. 
(1968).  
2.7. Finite Element Analysis of Soil Models 
 
 Finite element analysis (FEA) is a numerical method used to approximate solutions to 
boundary conditions by dividing a large system into smaller, simpler parts called finite elements. 
This minimizes error, providing a more accurate solution to stresses induced on a model. Each of 
these finite elements are subjected to calculations that once combined provide a good approximate 
solution to the model. This is used in geotechnical engineering to aid in the analysis of complex, 
large scale problems where hand calculations are not feasible especially when considering various 
loading scenarios. In order for a system to be modeled numerically, there must be a relationship 
between the material within the model. This is done through constitutive modeling which relates 
the materials physical properties and predicts the interaction of stresses and strains. Several 
constitutive models for soils have been presented in the literature, each appropriate for different 
applications. While finite element modeling has been used in many engineering applications over 
the past fifty years, only recently it has been used for analyzing geotechnical engineering problems. 





in order to properly use various constitutive models and the appreciation of the limitations of the 
various types of constitutive models (Potts and Zdravković, 2001). 
2.7.1. Finite Element Modeling of Cavity Flow  
 
 Applications of finite element models in geotechnical engineering involve predicting 
behaviors of soil or rock over time at a large scale, allowing engineers to predict responses to 
loading and unloading. These include tunnel linings, foundations, earth retaining structures, 
construction phasing, embankments, and more. Finite element modeling has also been used to 
model groundwater flow. This allows the prediction and analysis of the behavior of water flowing 
through a soil formation. One application of this modeling is analyzing the flow coming from an 
injection zone, or cavity, into a surrounding soil formation. This can apply to wells or different 
field permeability tests such as the borehole infiltration test (field falling head test), field constant 
head test, hydraulic piezometers (field permeameters) and the permeafor.  
2.7.2. Finite Element Modeling of the Borehole Infiltration Test  
 
 The borehole infiltration test is common and is a widely accepted field permeability test. It 
has been used to assess performance of clay liners used in environmental control of liquid and 
solid waste (Chapuis, 1992). Different interpretation methods have been used for this test, 
including semilog and velocity graph methods where both relate the difference in total head 
between the water in the casing, or a small clear tube placed in the casing if used, and the 
piezometric level to time. Numerical results from finite element analyses confirm both of these 
interpretation methods are valid for the assessment of these clay liners (Chapuis, 1999). Field 
results were first obtained by applying head to a compacted 90 cm clay liner and observing the 





plot can then be obtained by using the actual piezometric level and calculating the differences in 
total head the hydraulic conductivity.  
 A numerical simulation of the same test was also performed using Seep/W (GEO_SLOPE, 
1996). The resulting velocity graph and semilog graph can be seen in Figure 2.17. The results show 
a linear relationship between the increase in applied head and water velocity, which results in a 
constant value of hydraulic conductivity of 1x10-7 cm/sec. This confirms the velocity-graph 
interpretation as the obtained value was the same as the value used in the software and were 
comparable to field results, where the hydraulic conductivity was found to be 1.65x10-6 cm/sec. 
 
Figure 2.17: Numerical Results for Borehole Infiltration Test in a Clay Liner (a) Velocity Graph (b) 





 An important parameter in the interpretation of this method is the shape factor which 
considers the boundary conditions of the test, such as heads, fluxes, and the geometry. The shape 
factor is a factor of the length (L) of the injection zone of the test and the diameter (D) of the 
testing cavity. Prior to mathematical solution of the Laplace equation, the shape factor at the end 
of the borehole casing was simplified to either an ellipsoid or a sphere using appropriate equations, 
which are both functions of the ratio between the length of the injection zone and the diameter of 
the testing cavity, (L/D). By observing the difference in head due to the injection of water the 
equipotential lines surrounding the cavity can be determined. One result by Chapuis (1999) is 
shown in Figure 2.18, where the finite element grid, along with the length and radius of the 
injection zone can be seen. The equipotential lines surrounding the cavity confirm that flow is 
nearly spherical for a small injection zone. A total head of 1 meter was applied, and it was able to 
be shown that almost 90% of the total head is lost in a sphere of radius four times the radius of the 
injection zone (Chapuis, 1999).  
 






2.7.3. Verification of Shape Factors Through Finite Element Analysis  
 
 Previous finite element analyses have investigated different shape factors and the 
simplified shape of the injection zone, along with the effect of changing length to diameter ratios 
of the injection zone for cylindrical probes or test zones. A finite element analysis on in situ 
constant head permeability tests in clays was conducted to assess the quality of various expressions 
that were previously proposed for the shape factor (Tavenas et al., 1990). The formulation of each 
shape factor expression was found either at the bottom of a borehole, in piezometers installed 
within a section of the borehole or pushed into the soil, or with special permeameter probes. While 
each test varied, the cavity through which the water is injected or pumped out of the soil has a 
defined shape, which allows for the comparison of the shape factor found through finite element 
modeling. These various expressions can be seen in Figure 2.19 where (F) is a factor representing 
the shape of the cavity and flow, and the dimensions of the cavity are represented by the aspect 
ratio (L/D). It can be seen for varying the aspect ratio of the cavity, the expression of the shape 
factor various depending on the proposed solution by each author, particularly for aspect ratios 






Figure 2.19: Computed Shape Factors by Different Authors for Cylindrical Probes (Tavenas et al., 1990) 
 Through finite element analysis of the cylindrical cavity within an in situ constant head 
permeability test, the quality of the various expressions previously proposed for the shape factor 
could be compared and assessed. The shape factor proposed through the models was found to align 






Figure 2.20: Shape Factors Obtained from FEM and Through Proposed Model of Randolph and Booker 
(1982), (Tavenas et al, 1990) 
 Anther finding from the analysis showed that the vertical flow near the end sections of the 
probe needed to be considered, a consideration that was assumed to be negligible for certain length 
to diameter ratios Wilkinson (1968) and Mieussens and Ducasse (1977). The comparison between 
the proposed shape factor found through finite element modeling and the solution proposed by 
Mieussens and Ducasse (1977) is shown in Figure 2.21. It can be seen that the hydraulic 
conductivity found with the method of Mieussens and Ducasse (1977) decreases with an increase 
in the aspect ratio, while the method of finite element modeling produces results essentially 
independent of the aspect ratio. The results from the finite element analysis also validated the 






Figure 2.21: Effect of Probe Geometry on Hydraulic Conductivity with Varying Shape Factor Methods 
(a) Mieussens and Ducasse (1977); (b) FEM Shape Factor (Tavenas et al, 1990) 
 Later studies have revisited proposed shape factor formulations, attempting to provide a 
more in-depth analysis into the finite element model and the calculations performed. Specifically, 
an analysis on the method used to integrate the flux in or out of the intake zone, which is usually 
a hidden aspect of finite element modeling calculations and its impact on the resulting shape factor 
(Duhaime and Chapuis, 2009). This was done by applying the divergence theorem to Darcy’s law, 
and finding the volume of water entering or leaving a closed volume must be equal and opposite. 
It was then implied that the flux can be integrated for a finite number of surfaces surrounding the 
cylindrical cavity, which if applied to the whole domain of a model means the total fluxes at the 
soil-intake zone and the distance boundaries must cancel. This allowed for two different surfaces 
for a shape factor to be calculated. This process was applied to a custom programmed MATLAB 
finite element model, along with two commercial finite element modeling packages, COMSOL 
and SEEP, and compared to proposed approximate solutions to the shape factor formulation. 
Specifically, the ellipsoid equation to approximate the cylindrical injection zone was used for 












(2.30)     
 Results from the study showed this method gave reliable shape factors for a range of length 
to diameter ratios equal between 2 and 20. It was also shown that the ellipsoid approximation can 
underestimates shape factors values by approximately 9%, while also showing whether the 
cylindrical zone is assumed to have permeable or impermeable base can also change the shape 
factor values significantly.  
 An exact analytical solution of the Laplace equation has been presented for steady flow 
around an open-ended porous cylindrical piezometer, permeameter, or perforated casing within an 
infinite, isotropic, and incompressible saturated soil (Silvestri et al., 2012). This was done through 
conformal mapping, which allows for complex geometry in a certain region to be transformed into 
a simpler one where a solution can be more easily found. This was applied to the geometry of a 
perforated cylindrical casing, where curvilinear coordinates can be transformed into orthogonal 
curvilinear coordinates, allowing for a more convenient solution to the Laplace equation. This can 
be seen in Figure 2.22 and 2.23, where Figure 2.22 shows a cylindrical piezometer in infinite soil 
with typical curvilinear coordinates and Figure 2.23 shows the process of the transformation to 






Figure 2.22: Cylindrical Piezometer with Curvilinear Coordinates (Silvestri et al., 2012) 
 
Figure 2.23: Double Conformal Mapping (Silvestri et al., 2012) 
 Results of this study showed that shape factors with length to diameter ratios between 0 
and 16, were comparable to published shape factors presented through approximations made with 
analytical solutions, numerical approaches, and measurements in electric analog models (Silvestri 
et al., 2012). They also suggested that some published values that are used in practice vary 
significantly, are inadequate, and should be abandoned. Therefore, the formulation of the shape 
factor presented in by Silvestri et al. (2012) should be used. The resulting formulation of the shape 





cylindrical cavity, as seen in Figure 2.24. It can be observed the proposed shape factor aligns best 
with the proposed solution of Brand and Premchitt (1980), while the expression proposed by 
Hvorslev (1951) vary significantly (Silvestri et al., 2012).  
 
Figure 2.24: Comparison of Shape Factors (Silvestri et al., 2012) 
 Current methods to estimate the hydraulic conductivity of soils have disadvantages, as 
described through this chapter. However, permeafor permeability testing has shown to be a 
relatively simple and reliable in situ method, avoiding the issues with laboratory testing on 
reconstituted specimens and the resulting sample disturbance. Using an appropriate shape factor, 
verified through finite element modeling, and ensuring the test is conducted for a sufficient amount 












3. PERMEAFOR TEST METHOD 
 
 
3.1. UNH System  
 The permeafor probe and supporting system was built at UNH using some of the same 
equipment developed in France for their current permeafor. The probe was constructed based on 
original CAD drawings supplied by IFSTTAR. Modifications were made to modularize the probe 
into interchangeable sections to allow changes in design and repairs. The supporting system, 
consisting of a flow pump, flow meter, and pressure sensor, which supplies the flow to the 
advancing Permeafor. Water is supplied from a tank open to atmospheric pressure at the ground 
surface. The penetration and testing phases are controlled and monitored in real time using 
LabVIEW software. These specific components are described within this section, along with an 
outline of the testing procedure.  
3.1.1. Probe and Supporting System  
 The UNH permeafor probe previously described by Wuebbolt (2020) was originally 
developed with two different flow configurations. One configuration has the perforated screen 
located at the tip of the probe, while the other in the middle section of the probe. In this project, an 
additional screen configuration was investigated, the longer middle screen. Each screen has a 
specific length to diameter ratio (L/D), or aspect ratio. The shorter middle screen dimensions 





respectively. These allowed for the determination of optimal position and aspect ratio for 
estimating the hydraulic conductivity. The total length of the probe varies depending on the 
configuration used, where the maximum length is 32 inches when the tip screen is used, and the 
minimum is 29 inches with the shorter middle screen. The three configurations, along with the 
dimensions for each configuration can be seen in Figure 3.1.  
 
Figure 3.1: Probe Configurations; (a) Shorter Middle Screen, (b) Longer Middle Screen, (c) Tip Screen 
 The different modular components of the probe are threaded together with machined O-
ring grooves for watertight connections. Flexible tubing is used to supply water from the 
supporting system to the probe. The tubing is connected to the outlet of the supporting system and 
threaded through the drilling rods that will be used for testing which protects it from being 
damaged, then attached to the probe via a Swagelok fitting, seen on the far right of the probe on 
Figure 3.1. Once the probe is attached to the drilling rod, a slotted rod shown in Figure 3.2, is 





The use of the slotted section allows the tubing to exit the open slot for a connection between the 
rig and the drill rods for penetration to the test depth. The tubing must be fed through all drill rods 
prior to testing similar to the procedure used for CPT testing.  
 
Figure 3.2: Slotted Drill Rig Connection 
 The control system is used to supply water to the probe, while also regulating and 
measuring the flows and pressures during testing. The system can be seen in Figure 3.3, where the 
components are securely housed in an aluminum frame for transport and protection. Within the 
aluminum housing the supporting system consists of a Grundos variable frequency drive (VFD) 
pump (1) allowing for precise speed control, a Siemens flow sensor (2), a pressure sensor (3), an 
inlet with quick connect fittings (4) and, an outlet with a Swagelok fitting (5). Water is supplied to 
the inlet through a 1-inch diameter hose, which connects to the outlet of a 100-gallon heavy duty 
plastic tank, seen in Figure 3.4, also with a quick connect fitting. The water flows through the 






Figure 3.3: Acquisition and Control System (Pump, Flowmeter, Pressure Sensor, Inlet Quick Connect, 
and Outlet Swagelok Fitting, respectively) (Wuebbolt, 2020) 
 
Figure 3.4: 100-Gallon Plastic Water Supply and 1-inch Dimeter Supply Hose 
3.1.2. Calibrations  
 To determine the effective applied hydraulic head, head losses need to be considered and 
subtracted from the total measured head. Head losses occur from the 100-foot flexible tubing and 
the probe itself. Since the probe can be assembled in different configurations, a separate head loss 





calibration; head loss under different constant heads and measured flow under the same applied 
heads. The first set of values are found by applying different hydraulic heads and measuring the 
vertical height of ejected water from the outlet of the flexible tubing. The pressure sensor measures 
the actual effective pressure throughout the system, simplifying the expression to find the head 
loss to Equation 3.1. This process was completed by fixing the outlet of the tubing, and then using 
the pump to apply different hydraulic heads for simple measurement of the different ejection 
heights, shown in Figure 3.5 and schematically in Figure 3.6 (Wuebbolt, 2020).  
𝐻$ = (𝐻D + 𝐻@) − 𝐻' (3.1)     
where:  HL = head loss due to tubing (cm) 
Hm = effective head measured at pressure sensor (cm) 
  Hg = total head attributed to height difference between sensor and tube outlet (cm) 
  He = vertical height of ejected water (cm) 
 






Figure 3.6: Head Loss Measurements (Wuebbolt, 2020) 
 The second set of values are found by measuring the flow rates exiting the probe under the 
same hydraulic head. This can be completed by using the pump to vary Hm while the gravity head 
is maintained by submerging the probe in an overflowing bucket of water to keep the head 
constant, as shown in Figure 3.7 (Wuebbolt, 2020). Measurements were made a minimum of four 
times, allowing for a calibration of head loss to be established by solving Equation 3.2 to obtain 
head loss coefficients, which can then be used to solve Equation 3.3. Results from solving these 
equations for each different screen configuration allow for equations for head loss to be obtained, 
shown through Equations 3.4 thorugh 3.6. These equations are also plotted for varrying head loss 






































 (3.3)   
where:  Q = measured flow with probe (cm3/sec) 
  N = number of sets of data acquired 
  HL = head loss measured during calibration (cm) 
𝐻$ = 𝑎𝑄2 + 𝑏𝑄 + 𝑐 (3.3)   
where:  Q = flow through system (cm3/sec) 
  HL = head loss in system (cm) 
𝐻$!"#$%&'() = 0.00196𝑄






2 + 0.470𝑄 − 35.397 (3.5)   
𝐻$%(- = 0.00214𝑄
2 + 0.483𝑄 − 29.210 (3.6)   
 
Figure 3.8: Flow vs Head Loss Calibration for All Probe Configurations  
3.2. Permeafor Testing Method  
 The UNH probe was designed to connect to standard US drill rigs using the SPT 
penetration hammer system. This allows for the probe to be advanced into a soil profile, while 
penetration resistance is recorded. During penetration, a constant flow of water is supplied through 
the probe in order to prevent the perforated screen from clogging. Once the desired test depth is 
reached, advancement is stopped and a constant total head is applied to the probe. The test consists 
in observing changes in measurements of flow and pressure over time, typically for 15 to 20 
minutes, or until a steady value of flow to effective head is reached. Described within this section 





LabVIEW program to obtain a flow to effective head ratio, used to determine the hydraulic 
conductivity.  
3.2.1. Testing Procedure 
 Before driving or testing is conducted, the entire system must be filled with water for 
maximum flow and pump performance. Damage to the pump can also occur if run dry. Once the 
100 gallon water supply tank is filled and connected to the inlet of the supporting system with the 
1-inch diameter hose, a bleed valve on the side of the pump is used to clear the air from the system 
by running water with this valve open for several seconds or until a constant outflow is observed. 
Note that placing the take a few feet above the system helps in providing additional head. . To 
prevent air to enter the system after the lines have been bled, watertight connections and hose 
clamps are used upstream of the pump.  
 The flexible tubing connected to the permeafor probe must be pre-strung though all drill 
rods to be used in testing, then connected to the outlet of the system. Once the pump is turned on, 
it is in a “Stop” position where the turbines in the pump are not spinning. When testing is ready to 
be conducted, the pump must be set to “Normal Operation” on the pump display itself, to begin 
spinning the turbine, allowing for flow out of the probe. Manual inputs and other directives on the 
LabVIEW program should be entered and executed before the probe is advanced into the ground. 
It is important that the orientation switches on the graphical LabVIEW interface indicate “No 
Action” when the probe is neither being driven or a test is being performed, to ensure flow and 
pressure values being recorded can be saved and analyzed to the correct corresponding event and 
time.  
 When the probe is ready to be advanced, the orientation switch should be set to “Driving” 





is being advanced the flow should be kept constant at 0.25 gal/min to minimize clogging the 
perforated screen section. The flow should be monitored through driving to ensure values stay 
above 0.25 gal/min and below 1 gal/min, while also ensuring pressures do not exceed 
approximately 70 to 80 psi. If this does occur, pump control can be changed from constant pressure 
control to constant pressure control, to decrease the pressure. If the pressure needs to be changed, 
it should be changed in 2 psi increments. When the test depth is reached, constant pressure is set 
at 10 psi. Once this value is constant, the orientation switch should be set to “Testing”, which 
initiates the recording of test time, flow, and pressure. During the test, flows should be monitored 
and maintained at a minimum of 0.15 gal/min. If the observed flow goes below this minimum 
value, pressure can be increased. However, to avoid instability in the system, pressure should not 
be set above approximately 30 psi. If this is observed, a constant flow can be set to decrease the 
pressure. A test can be considered completed when a steady-state values of Q/H’ is observed for 
at least 2 minutes. Following completion of the test, the probe can either be advanced to another 
test depth or removed as needed. Once the profile is completed and the probe is removed, pump 
control should be set to manual and at a speed of 0, also ensuring to follow steps on the LabVIEW 
program to save all data.   
3.2.2. Measurements During Testing  
 When testing is conducted, the pump allows for control of pressure and flow values which 
are measured from the pressure sensor and flow sensor, respectively. The sensors measure these 
values by recording varying voltage signals, which are outputted to the DAQ. The signals that are 
received by the DAQ are then converted by LabVIEW, which allows for measurements of flow 
and pressure to be read through a digital display. This interface also allows for pump speed, 





 The pump has a built-in AC to DC converter that provides the excitation voltage for the 
Omega pressure sensor, which reads an analog voltage from 1 to 11 VDC, resulting in a measured 
pressure range of 0 to 100 psi. Flow is calculated by the flow sensor through the measurement of 
water velocity passing the known cross-sectional area. This value is outputted as a square voltage 
signal of varying frequency, generated by a switch inside the sensor that connects and disconnects 
a +5 VDC charge to an input pin on the DAQ, resulting in a measurement of an alternating signal 
of 0 or 5 VDC. The useable frequency signal for the sensor output was found to be 8.5 to 500 Hz, 
which represents flow from 0.034 to 2 gal/min (Wuebbolt, 2020). This information is outlined in 
Table 3.1, where errors are due to the instruments as well as estimates calculated in LabVIEW.  
Table 3.1: Permeafor Instrument Specifications (Wuebbolt, 2020) 
Instrument Flow Sensor Pressure Sensor DAQ 
Output Frequency Signal Analog Voltage N/A 
Output Range 0-500 Hz 1-11 VDC N/A 
Measurement Range 0.034-2 gpm 0-100 psia N/A 
Error (±) 0.0085 gpm 0.25 psi 0.61 mVDC 
 
 The voltage signals being converted by LabVIEW are sampled in groups of 1000 
measurements, using a rate of 5000 Hz per 0.2 seconds. For each group, a frequency rate from the 
sensor is found through fast Fourier transform methods, along with an average signal from the 
pressure sensor, resulting in reduced frequency and voltage measurements, converted to flow and 
pressure at a rate of 5 Hz and recorded as a function of time. The use of orientation switches on 
the graphical interface of LabVIEW indicates times at which driving or testing is occurring, 
allowing for the corresponding flow and pressure values to be recorded for the certain event. The 





duration of the test through the graphical interface, with the use of several user input constraints. 
The information of flow and pressure are also used to operate a proportional-integral-derivative 
(PID) controller. Along with specific gain settings, desired flow or pressure, and the real time flow 
and pressure values, the controller generates an analog DC signal for the pump to adjust its speed 
and regulate specific flow and pressures, closing the loop to the system. This information is shown 
in Figure 3.9 (Wuebbolt, 2020).  
 
Figure 3.9: Flow of Data Every 0.2 Seconds of Execution (Wuebbolt, 2020) 
3.2.3. Calculation of Q/H’ with Time  
Using the LabVIEW program, the ratio of flow to effective head (Q/H’) can be found as a 
function of time. This is done using the manual inputs of the groundwater depth, distance between 
the pressure sensor and the ground surface, and properties of the perforated screen such as 





following process describes how the ratio is found in LabVIEW. It can also be found through the 
same process manually with the recorded data.  
The first required step is to convert the measured pressure values from the system into head. This 




 (3.7)   
where:  Hm = pressure head (cm) 
  P = measured water pressure (N/cm2) 
  γw = unit weight of water (N/cm3) 
 The effective head at time, t, can then be found by accounting for the depth of the probe, 
d, the distance between the ground surface and the pressure sensor, ds, the distance between the 
probes tip and the center of the perforated screen section, d’, and the depth of the groundwater 
table, dw. These measurements are also represented in Figure 3.10. The pressure sensor calculates 
effective head within the system, to the outlet of the sensor, that is why the distance between this 
sensor and the ground surface is needed. If a water table is present, Case I, Equation 3.8 is used to 
find the total head, while Equation 3.9 is used if the water table is below the test depth, Case II. 
Using the appropriate case, the effective head can be calculated through Equation 3.11, by 
accounting for head losses in the system, found using Equation 3.10.  
Case I: Probe above water table, 𝑑 − 𝑑A < 𝑑G 
𝐻(𝑡, 𝑑) = 𝐻_𝑚	(𝑡) + (𝑑_𝑠 + 𝑑 − 𝑑^′	) (3.8)   
where:  Hm (t)= measured pressure at each time step, converted to head (cm) 
  d = depth of probe tip from ground surface (cm) 
  ds = distance between pressure sensor and ground surface (cm) 





  dw = depth of groundwater table from ground surface (cm) 
Case II: Probe below water table, 𝑑 − 𝑑A ≥ 𝑑G 
𝐻(𝑡, 𝑑) = 𝐻D(𝑡) + (𝑑G + 𝑑()  (3.9) 
Using the applicable case: 
𝐻A = 𝐻(𝑡, 𝑑) − 𝐻$(𝑡) 
 
(3.10)   
where:  H(t,d) = total head at time, t, and probe depth, d (cm) 
  HL(t) = head loss at time, t (cm) 
𝐻$(𝑡) = 𝑎𝑄(𝑡)2 + 𝑏𝑄(𝑡) + 𝑐 (3.11)   
where:  a, b, and c = head loss coefficients 
Q(t) = measured flow with units corresponding to a, b, and c (cm3/sec) 
 
















 During the summers of 2019 and 2020, permeafor testing was conducted at six locations 
across New Hampshire: Newington, Ossipee, Merrimack (two different sites), Kingston, and 
Rochester, as shown in Figure 4.1. This chapter describes the soil conditions at each of these sites, 
except for Newington, along with results from both laboratory and in situ testing performed as part 
of this project. The Newington site was only used to assess the readiness of the permeafor probe 
and system. Also included are results from testing by Wuebbolt (2020) on this project as well as 
work conducted by the New Hampshire Department of Transportation. A summary of the tests 






Table 4.1: Permeafor Testing Program in New Hampshire 
Site Start Date End Date Comments 
Newington 7/9/2019 7/9/2019 Preliminary tests to evaluate permeafor system 
Ossipee 8/20/2019 8/26/2019 NHDOT SPT, soil sampling, and borehole infiltration testing 
Merrimack-
FE Everett  9/16/2019 9/20/2019 
NHDOT borehole infiltration 
testing 
Merrimack- 
RT. 101A 5/26/2020 5/28/2020 NHDOT SPT, and soil sampling  
Kingston  8/28/2020 8/28/2020 NHDOT SPT, and soil sampling 
Rochester  11/24/2020 11/25/2020 NHDOT SPT, and soil sampling 
 






 For each test site, different test methods and probe configurations were used to evaluate 
the capability of the permeafor to estimate hydraulic conductivity. This includes the perforated 
screen configuration and location (mid-probe, L/D of screen and tip) and the test time. A summary 
with the geometric characteristics of each testing configuration is shown in Table 4.2.  
Table 4.2: Testing Characteristics for the Test Program 








Ossipee PR-3 4 Middle 1 23 
Ossipee PR-4 4 Middle 1 13.5 
Ossipee PR-5 1 Middle 1 13.5 
Ossipee PR-6 3 Middle 1 13.5 
Ossipee PR-7 6 Tip - 13.5 
Ossipee PR-8 6 Tip - 13.5 
Merrimack- RT. 101A   PR-1 9 Middle 1 19.5 
Merrimack- RT. 101A PR-2 8 Middle 1 19.5 
Merrimack- RT. 101A PR-3 8 Tip - 19.5 
Merrimack- RT. 101A PR-4 9 Tip - 19.5 
Merrimack- FE Everett PR-1 6 Middle 1 13 
Merrimack- FE Everett PR-2 6 Middle 1 13 
Merrimack- FE Everett PR-3 6 Middle 2 13 
Merrimack- FE Everett PR-4 6 Tip - 13 
Kingston PR-1 8 Middle 1 17 
Rochester PR-1 6 Middle 1 20.5 








4.2. Site Characterization 
 
 Various testing was conducted in order to classify the subsurface material present at each 
site. In situ samples were obtained through standard penetration testing (SPT), allowing for sieve 
analyses to be conducted in the laboratory. Specimens were created with these in situ samples, and 
laboratory constant head tests were performed using a custom mold. Details of these tests are 
described in further detail herein.  
 
4.2.1. Soil Classification 
 The primary soil type tested across the six different test sites was sandy material, however, 
the amount of fines and coarse material varied across each site. These soil types ranged from silty 
sand (SM) to poorly graded sand (SP) with traces of gravel using the USCS classification. Figure 
4.2 shows the combined grain size distribution for all six test sites. The average classification 
parameters for these sites are shown Table 4.3. It can be seen that the Ossipee site has the finest 
material with an average fines content of about 37%. The Merrimack sites had the coarsest material 
with an average fines content of about 5%. The majority of the test sites can be classified as poorly 






Figure 4.2: Combined Grain Size Distribution at Permeafor Test Sites 
Table 4.3: Combined Average Site Classification Parameters   
 Average Classification Indices 
Test Site Percent Fines (%) D10 (mm) D30 (mm) D60 (mm) CU CC 
Ossipee 36.6 0.074 0.091 0.136 2.8 0.9 
Merrimack- RT. 101A 3.4 0.178 0.350 0.633 3.5 1.5 
Merrimack- FE Everett 6.3 0.144 0.260 0.503 3.4 0.3 
Kingston 35.3 0.110 0.117 0.211 3.1 1 






 The uniformity coefficient (CU) and the coefficient of curvature (CC) are functions of the 








 (4.2)     
where:  D10 = effective particle size, where 10% of particles are finer by weight  
D30 = particle size where 30% of particles are finer by weight  
D60 = particle size where 60% of particles are finer by weight  
4.2.2 Standard Penetration Testing  
 For each test site, SPT testing was performed within close proximity to each permeafor 
profile. Driving resistance was recorded for every 6 inches of penetration, allowing for uncorrected 
SPT N-values to be obtained in blows per foot. Based on the recommendations of Seed et al. (1985) 
and Skempton (1986), energy corrections were applied to normalize the SPT N-values to 60% 
driving energy using Equation 4.3. Various factors were applied to consider the field conditions at 
each site, which consisted of an automatic hammer, 4-in. diameter borehole, a standard sampler, 
and length of drill rods for each test. To correct for the effective overburden stress, the empirical 
relationship proposed by Liao and Whitman (1986) was used, shown in Equation 4.4, allowing for 




(4.3)     
where:  N = field SPT N-value  
  CN = correction for overburden pressure (Liao and Whitman, 1986) 
  ηH = correction for hammer efficiency 





  ηS = correction for sampler 




 (4.4)     
where:  Pa = atmospheric pressure (100 kPa) 
  σ’v0 = effective overburden pressure (kPa) 
 Using the resulting (N1)60 the relative density was estimated using the correlation by Liao 
and Whitman (1986) as shown in Table 4.4. 
Table 4.4: SPT (N1)60 and Field Relative Density Correlation (Liao and Whitman, 1986) 
SPT (N1)60 Soil Description 
Relative Density 
(%) 
< 4 Very Loose 0 – 15 
4 – 10 Loose 15 – 35 
10 – 17 Medium Dense 35 – 65 
17 – 32 Dense 65 – 85 
> 32 Very Dense 85 – 100 
 
4.2.3 Constant Head Testing  
 
 Performing laboratory hydraulic conductivity testing was challenging in this project 
because of the small amount of soil collected during SPT testing, where the average sample 
recovery was around 45%. As a result, a smaller diameter test mold was devised to perform these 
tests. The diameter of this custom permeameter is 2.25 in. and the length of the cylindrical test 
section is 3 in. as shown in Figure 4.3. Previous work was done to validate the use of this custom-
made permeameter when testing soils of similar characteristics (Wuebbolt, 2020). Figure 4.4 
shows results on samples collected from borehole B-1 at the Ossipee test location, using both a 





measurements were taken approximately every minute for four minutes after sample saturation 
(Wuebbolt, 2020). 
 
Figure 4.3: Custom Permeameter and Constant Head Test Configuration (a) front-view (b) side-
view 
 
Figure 4.4: Hydraulic Conductivity Determined with Standard and Custom Permeameter 
(Wuebbolt, 2020) 
 The results in Figure 4.4 suggests that both methods effectively provide the same estimate 
of hydraulic conductivity. As a result, Wuebbolt (2020) suggested that the smaller custom mold 
was acceptable for use in testing of soils of similar characteristics. For other soils, permitted use 
of this mold is dependent on the maximum particle size, which must be less than 1/6th the diameter 





constant head testing discussed in this thesis. For each specimen tested, measurements were taken 
four times after sample saturation, ensuring steady-state flow. The average of the four constant 
flow measurements were used to determine the hydraulic conductivity of the soil using Darcy’s 
Law, as described in Section 2.4.1. Values obtained through this process were compared to values 
of hydraulic conductivity that might be expected based on soil type as seen in Figure 4.5.  
 
 
Figure 4.5: Hydraulic Conductivity Estimation for Soil and Rock (Freeze and Cherry, 1979) 
4.3. Merrimack, NH - FE Everett 
 A second test site in Merrimack, NH near an existing NHDOT highway construction along 
the FE Everett Turnpike (mile maker 8.2 northbound) as shown in Figure 4.6 was used for 
permeafor testing. Wuebbolt (2020) performed testing at the first Merrimack site located a few 
miles from this second site but in similar geologic conditions. Soil sampled continuously down to 
a depth of 16 ft below the ground surface indicated that the profile consisted primarily of poorly 





observations to the proximity of the nearby Bowers Pond. Therefore, testing was conducted above 
the water table.  
 
Figure 4.6: Merrimack, NH – FE Everett Test Location (Google, 2021) 
4.3.1. Soil Classification 
 Borehole B-1005 was used to collect samples with SPT testing continuously from the 
surface to 16 ft below the ground. The process previously described in Section 4.2.2 was used to 
correct the SPT N-values. Both the uncorrected and corrected values are plotted against depth as 






Figure 4.7: Merrimack – FE Everett SPT Driving Resistance 
 Sieve analyses were conducted on each sample to determine the grain size distribution, the 
coefficient of uniformity, and the coefficient of curvature as shown in Figure 4.8 and Table 4.5. 
Most of the soil profile could be classified as poorly graded sand (SP), according to the USCS and 
consisted of primarily medium to fine grained size particles, with an average fines content of 6.4%. 
The fines were determined to be silts based on field observations. The first foot of the profile was 
classified in the field as highly organic fibrous. Only the sample from 14 to 16 ft contained greater 






Figure 4.8: Merrimack B-1005 Sieve Analysis Results 










(mm) CU CC 
USCS 
Classification  
0.8 to 2 5.5 0.114 0.249 0.546 4.7 1.0 SP-SM or SP-SC 
2 to 4 2.4 0.229 0.533 1.217 5.3 0.9 SP  
4 to 6 5.3 0.099 0.203 0.445 4.3 0.9 SP-SM or SP-SC 
6 to 8 3.4 0.124 0.180 0.376 3.0 0.7 SP 
8 to 10 2.5 0.173 0.292 0.450 2.5 1.2 SP 
10 to 12 0.6 0.191 0.284 0.427 2.1 1.0 SP 
12 to 14 1.7 0.180 0.292 0.439 2.4 1.2 SP 
14 to 16  29.3 0.038 0.048 0.122 3.2 0.6 SM, SC, or SM-SC 
 
4.3.2. Hydraulic Characterization  
 The hydraulic conductivity of samples obtained from B-1005 was estimated using the three 
grain size correlations previously described in Section 2.4.3. The results from the empirical 
relationships can be seen in Table 4.6. The standard deviation between the three results was 





as well as for the profile, the change between the three methods is small due to the uniformity of 
the profile.  
Table 4.6: Merrimack – FE Everett Grain Size Relationship to Hydraulic Conductivity 
Sample 
Depth (ft) 
Hydraulic Conductivity (cm/sec) 
Hazen Prugh Alyamani and Sen 
Depth Average and 
Standard Deviation 
(cm/sec) 
0.8 to 2 0.013 0.038 0.014 0.022 ± 0.014 
2 to 4 0.052 0.075 0.054 0.060 ± 0.013 
4 to 6 0.010 0.055 0.010 0.025 ± 0.026 
6 to 8 0.016 0.045 0.017 0.026 ± 0.016 
8 to 10 0.030 0.078 0.032 0.046 ± 0.027 
10 to 12 0.036 0.090 0.043 0.057 ± 0.029 
12 to 14 0.023 0.070 0.038 0.044 ± 0.024 






0.023 ± 0.016 0.057 ± 0.028 0.026 ± 0.018 - 
 
 Laboratory constant head testing was also conducted on samples acquired from B-1005. 
The specimen relative density was also estimated using the relationship between the initial, 
maximum, and minimum void ratio values. The initial void ratio was estimated using an assumed 
specific gravity of 2.65 and the density of the specimen . The maximum void ratio was found 
through the method of pluviation, while the minimum void ratio was found through vibration 
compaction. These values were also compared to the estimated field relative density from the SPT 
(N1)60 values as shown in Table 4.7. Because of the smaller permeameter and limited size samples, 
it was not always possible to match the laboratory to the field relative densities. The estimated 





specimen values to the in situ values is also shown in Table 4.7. Results show that the estimated 
relative density values used in the laboratory are generally much higher than field estimated values 
from the SPT. This can be seen through observing the ratio of the two values, where a value of one 
would indicate the two conditions are the same, while a value over one indicates a denser specimen 
condition compared to the in situ condition and the opposite for a value less than one. These 
differences will be reflected by lower hydraulic conductivity for the laboratory specimens.  














 0.8 to 2 0.001 42 39 1.1 
2 to 4 0.008 76 61 1.3 
4 to 6 0.007 87 25 3.5 
6 to 8 0.011 82 25 3.3 
8 to 10 0.010 20 28 0.7 
10 to 12 0.010 69 22 3.1 
12 to 14 0.022 22 11 2.0 
14 to 16  0.003 82 22 3.7 
 
 To analyze the effect of density on hydraulic conductivity, the sample depth of 10 to 12 
feet was used as an example. Using the D50 and CU values for this sample, the hydraulic 
conductivity can be estimated through the method proposed by Prugh (1950) as described in 
Section 2.4.3. The three plots for a loose, medium, and dense soil condition were used with the 
samples D50 and CU values for each density, results are shown in Table 4.8. It can be seen that with 
the same soil properties and only changing the classified density of the soil, the hydraulic 
conductivity can vary significantly, where results differ over one order of magnitude. This 
demonstrates how density can effect hydraulic conductivity and also the importance of correctly 





Table 4.8: Hydraulic Conductivity with Prugh Estimation, Varying Soil Density  
Soil Density  
Loose  Medium Dense  
0.070 cm/sec 0.058 cm/sec 0.035 cm/sec 
 
 Combined hydraulic conductivity results from the Merrimack – FE Everett site can be seen 
in Figure 4.9, where the hashed area represents the range obtained from the grain size correlations. 
The laboratory tests vary about one order of magnitude from the grain size correlation range. 
Showing that both methods estimate a value that is close to what can be expected. However, it can 
be seen that the laboratory tests consistently estimated a smaller value and does not consistently 
follow the same trend as the empirical correlation range. This variance is most likely due to issues 
with reconstituting a sample obtained from SPT testing, along with the use of the custom 
permeameter, described in Section 4.2.3. In addition, a non-woven geotextile was used instead of 
a porous stone which was not readily available for this custom mold. Nevertheless, the two 







Figure 4.9: Merrimack – FE Everett Hydraulic Conductivity with Depth 
 
4.4. Kingston, NH  
 Permeafor testing in Kingston occurred on private land located off of Route 125, just north 
of the Plaistow town line as shown in Figure 4.10. One SPT profile was performed with continuous 
sampling down to 17 ft below the ground surface. An adjacent observation well showed the 







Figure 4.10: Kingston, NH Test Location (Google, 2021) 
4.4.1. Soil Classification 
 Borehole B-1008 was used to continuously collect samples to a depth of 17 feet below the 







Figure 4.11: Kingston SPT Driving Resistance 
 Sieve analysis were performed on the samples collected from borehole B-1008 to obtain 
the grain size distribution, along with the uniformity and curvature coefficients. The results of 
these analyses can be seen in Figure 4.12 and Table 4.9. The soil profile can be primarily classified 
as silty sand (SM), according to (USCS). In the first 10 ft of the profile, finer sand was observed 







Figure 4.12: Kingston B-1008 Sieve Analysis Results 










(mm) CU CC 
USCS 
Classification 
0.9 to 2 3.2 0.173 0.356 0.559 3.2 1.3 SP 
2 to 4 9.8 0.457 0.170 0.457 6.2 0.9 SW-SM or SW-SC 
4 to 6 14.2 0.064 0.114 0.203 3.2 1.0 SM, SC, or SM-SC 
6 to 8 29.4 0.041 0.074 0.119 2.9 1.1 SM, SC, or SM-SC 
8 to 10 21.7 0.046 0.091 0.150 3.3 1.2 SM, SC, or SM-SC 
10 to 12 75.4 0.033 0.041 0.058 1.7 0.9 SM, SC, or SM-SC 
13 to 15 62.6 0.030 0.046 0.074 2.4 0.9 SM, SC, or SM-SC 






4.4.2. Hydraulic Characterization  
 Using the same procedures used for the Merrimack site, the soil samples obtained from B-
1008 were used to estimate the hydraulic conductivity using the grain size relationships. The 
results from this analysis are shown in Table 4.10. The results suggest that all three methods give 
relatively close estimates of permeability which is expected since they are all based on values from 
the grain size or grain size distribution.  
Table 4.10: Kingston Grain Size Relationship to Hydraulic Conductivity 
Sample 
Depth (ft) 
Hydraulic Conductivity (cm/sec) 
Hazen Prugh Alyamani and Sen 
Depth Average and 
Standard Deviation 
(cm/sec) 
0.9 to 2 0.030 0.045 0.045 0.040 ± 0.009 
2 to 4 0.005 0.008 0.005 0.006 ± 0.002 
4 to 6 0.004 0.015 0.004 0.008 ± 0.006 
6 to 8 0.002 0.002 0.002 0.002 ± 0.000 
8 to 10 0.002 0.007 0.002 0.004 ± 0.003 
10 to 12 0.001 0.002 0.001 0.001 ± 0.001 
13 to 15  0.001 0.003 0.001 0.002 ± 0.001 






0.006 ± 0.010 0.011 ± 0.015 0.008 ± 0.015 - 
 
 Laboratory constant head tests were conducted on the samples obtained from B-1008, using 
the custom permeameter. The relative density of the specimens was also estimated for the 
laboratory specimens and based on the SPT (N1)60 values. The results shown in Table 4.11 indicate 
that relative densities between the laboratory specimens and the in situ condition are not similar as 



















0.9 to 2 0.011 19 79 0.2 
2 to 4 0.003 69 54 1.3 
4 to 6 0.001 22 35 0.6 
6 to 8 0.004 57 54 1.1 
8 to 10 0.003 14 29 0.5 
10 to 12 0.001 21 18 1.2 
13 to 15 0.001 47 11 4.3 
15 to 17 0.001 46 26 1.8 
   
 Figure 4.12 shows the combined results for all estimates of hydraulic conductivity for the 
B-1008 soil profile, where the hashed region represents the range of values obtained from the grain 
size correlation methods. It can be seen that the tests performed in the laboratory align well with 
the estimated values from the grain size correlations, even with the differences in relative densities 
between the laboratory specimen and the in situ condition. The values also align with expected 
values based on the soil type, as discussed previously in Section 4.2.3.   
 However, when results are compared to the Merrimack-FE Everett test site, the trend 
between estimated hydraulic conductivity and relative density is not the same. At the Merrimack-
FE Everett site, there was a notable difference at most depths in estimated hydraulic conductivity 
with varying densities, which is not the case for the Kingston test site. In some cases, the hydraulic 
conductivity estimates are not consistent with what is expected when the two densities vary, i.e., a 
higher hydraulic conductivity in the laboratory specimen when the relative density is lower than 
the in situ condition. This suggests that laboratory methods with reconstituted samples are not very 
reliable as well as values of densities from the SPT can vary significantly especially in soils where 





also be noted that the method to estimate the in situ relative density, as described in Section 4.2.2, 
is an empirical estimate. While the SPT N-values are corrected for energy, issues with obstructions 
or anomalies in the profile can lead to misleading results.  
 
Figure 4.13: Kingston Hydraulic Conductivity with Depth 
4.5. Rochester, NH  
 Testing conducted in Rochester occurred directly off Route 16, the Spaulding Turnpike. 
The location was adjacent to the Rochester Toll Plaza, along the Southbound side of the interstate, 
seen in Figure 4.14. One SPT profile was conducted, allowing for continuous sampling to 20 ft 
below the ground surface. The groundwater table was observed to be at a depth of 12.6 ft. below 






Figure 4.14: Rochester, NH Test Location (Google, 2021) 
4.5.1. Soil Classification 
 Borehole B-108 was used to collect samples down to a depth of 20 ft. The driving resistance 
was recorded in the field as raw SPT N-values, then using the process previously described, the 






Figure 4.15: Rochester SPT Driving Resistance 
 Sieve analyses were conducted from the samples obtained from borehole B-108. The 
results from these analyses can be seen in Figure 4.16 and in Table 4.12. The soil profile can be 
primarily classified as silty sand (SM), according the USCS, where the fines were classified in the 
field as silts. Only the sample from 18 to 20 ft showed presence of clay. From 0 to 10 ft the average 
fines content was 9.3% while below 10 ft to the bottom of the profile the average fines content 






Figure 4.16: Rochester B-108 Sieve Analysis Results 










(mm) CU CC 
USCS 
Classification  
0 to 2  2.9 0.198 0.462 1.189 5.9 0.9 SP  
2 to 4 4.8 0.165 0.622 5.652 34.2 0.4 SW 
4 to 6 9.8 0.048 0.183 0.376 7.5 1.7 SW-SM or SW-SC 
6 to 8 10.9 0.074 0.132 0.249 3.4 1.0 SP-SM or SP-SC 
6 to 8 11.8 0.071 0.114 0.196 2.8 0.9 SP-SM or SP-SC 
8 to 10  15.3 0.036 0.099 0.150 4.2 1.8 SM, SC, or SM-SC 
10 to 12 26.6 0.043 0.079 0.130 3.1 1.1 SM, SC, or SM-SC 
12 to 14 57.5 0.033 0.046 0.053 1.6 1.2 SM, SC, or SM-SC 
14 to 16 36.0 0.036 0.069 0.104 2.9 1.3 SM, SC, or SM-SC 
16 to 18  54.1 0.033 0.048 0.081 2.6 0.9 SM, SC, or SM-SC 





4.5.2. Hydraulic Characterization  
 Similarly, the same three grain size relations were used to estimate the hydraulic 
conductivity of samples from B-108. The results from the three relations can be seen in Table 4.13. 
The uniformity of the deposit is represented by the small profile standard deviation. The small 
standard deviation at each depth also shows the low variation between each empirical method.  
Table 4.13: Rochester Grain Size Relationship to Hydraulic Conductivity 
Sample 
Depth (ft) 
Hydraulic Conductivity Depending on Method (cm/sec) 
Hazen Prugh Alyamani and Sen 
Depth Average and 
Standard Deviation 
(cm/sec) 
0 to 2 0.039 0.170 0.040 0.083 ± 0.075 
2 to 4 0.027 0.150 0.029 0.069 ± 0.070 
4 to 6 0.003 0.004 0.006 0.004 ± 0.002 
6 to 8 0.005 0.008 0.005 0.006 ± 0.002 
6 to 8 0.005 0.009 0.005 0.006 ± 0.002 
8 to 10  0.001 0.003 0.004 0.003 ± 0.001 
10 to 12 0.002 0.006 0.002 0.003 ± 0.002 
12 to 14 0.001 0.039 0.001 0.004 ± 0.022 
14 to 16 0.001 0.004 0.001 0.002 ± 0.002 
16 to 18  0.001 0.005 0.001 0.002 ± 0.002 






0.008 ± 0.013 0.037 ± 0.062 0.009 ± 0.013 - 
 
 Using the samples obtained from B-108 laboratory constant head testing was performed 
with the use of the custom permeameter. The relative density of the laboratory sample was also 
estimated as done previously. The results of this testing can be seen in Table 4.14, where the 





can be seen. Values start at 8 ft below the ground surface due to the installation of a casing down 
to 8 ft, since high permeafor penetration resistances were observed in this range.  Shown in 
Table 4.14 are results from laboratory constant head testing. The greyed-out rows represent a 
second round of testing from certain samples, where the relative density of the specimen and in 
situ condition were matched. When comparing the two rounds of testing for the same sample depth, 
it can be seen that the results are highly variable. This highlights the issues previously described 
with the custom permeameter, while also supporting the results from the Kingston test site, that 
the trends between relative densities and estimated hydraulic conductivity from laboratory testing 
do not always correlate with expected trends. For example, the sample from 10 to 12 ft was first 
tested at a relative density in the lab at 96%, with the resulting hydraulic conductivity being 
estimated at 7x10-4 cm/sec. When the two relative densities were matched at 35%, a lower 
hydraulic conductivity was estimated at 4x10-4 cm/sec, suggesting the specimen was less 
permeable with a lower relative density. It is also difficult to accurately determine the minimum 
and maximum void ratios in soils containing a significant amount of fines. 














8 to 10  0.0021 10 43 0.2 
8 to 10  0.0010 43 43 1.0 
8 to 10  0.0008 43 43 1.0 
10 to 12 0.0007 96 35 2.7 
10 to 12 0.0004 35 35 1.0 
12 to 14 0.0001 81 21 3.9 
14 to 16 0.0011 54 15 3.6 
16 to 18  0.0002 79 11 7.2 
16 to 18  0.0001 11 11 1.0 





 Combined results for all estimated hydraulic conductivity values can be seen in Figure 
4.17, where the hashed region represents all possible values obtained from the different grain size 
relationships. It can be seen the laboratory estimated hydraulic conductivity is primarily lower than 
the estimates from grain size correlation methods. This is the same trend found from the 
Merrimack-FE Everett test site. However, based on the soil type the estimated values align with 
what is expected, as discussed in Section 4.2.3. 
 
Figure 4.17: Rochester Hydraulic Conductivity with Depth 
4.6. Previous Test Sites 
 
 Additional testing occurred previously at Ossipee, NH and Merrimack, NH - RT. 101A 
(Wuebbolt, 2020). The soil tested in Ossipee was primarily a silty sand and a groundwater table 
was present 5.5 ft below the ground surface. One SPT and two borehole infiltration tests were done 





clean sand and testing was conducted above the groundwater table. One SPT and one borehole 
infiltration test were conducted.  
 From the results at both sites, it was found that borehole infiltration estimates of hydraulic 
conductivity can change significantly when compared to the grain size relationships or constant 
head testing. Sampling was limited at the Ossipee site, obtaining only one sample. However, two 
additional samples obtained by the NHDOT were used in grain size correlation estimates, these 
results are shown in Figure 4.18. Nine samples were taken from Merrimack – RT. 101A, allowing 
for a profile of estimated hydraulic conductivity to be made, which can be seen in Figure 4.19. It 
was found that specimens prepared in laboratory testing were at a higher relative density than that 
of the in-situ condition, resulting in smaller hydraulic conductivities to be estimated, which was 
the same trend found from the Merrimack – FE Everett site. However, it can be seen that the 
estimated hydraulic conductivities between the different methods vary in around one order of 
magnitude and were found to align with what is expected based on the soil type.  









































 As part of the research described in this thesis, the permeafor was used to estimate 
hydraulic conductivity at three test sites: Merrimack-FE Everett, Kingston, and Rochester, NH. A 
total of 44 tests were performed in seven boreholes. Information regarding these tests is presented 
and discussed in this chapter with additional results in Appendix A. The permeafor was advanced 
into the ground using a NHDOT track drill rig equipped with an automatic SPT hammer, as shown 
in Figure 5.1. Similarly to the SPT test previously described in Section 4.2.2, the driving resistance 
during permeafor advance was recorded by counting the number of hammer strikes for each six-
inch intervals of penetration. For the three test sites, the penetration resistance for the permeafor, 
in blows per 6-inch, was found to be higher, or equal than that of the SPT. This is expected since 
a larger amount of soil is displaced laterally with the permeafor due to its larger projected area. In 
addition, as the permeafor advances into the ground, the resistance to penetration increases due to 
the increase in friction along the train of probe and rods. During SPT testing, the friction and 
penetration resistances are isolated to the drive shoe and the sampler because it is always driven 





 The recessed design of the perforated test section of the permeafor ensures that flow occurs 
laterally into the soil formation, and not along the interface between the probe and the soil. In all 
tests, no water flow out of the top of the borehole could be observed, even at shallow depths, 
suggesting that all flow was being applied to the soil in the test section.  
 Analysis of the permeafor test assumes that the flow into the soil is laminar. Wuebbolt 
(2020) demonstrated that laminar flow occurs when the flow is below the critical flow rate. This 
rate is based on the largest effective grain size, D10, within the test zone and can be found using 
Equation 5.1, 5.2, or 5.3, depending on the configuration. The critical Reynold’s number, Rec, is 
related to the roughness of the flow cross-section, where the smaller the number, the rougher the 
surface. For granular materials this value is typically between 5 and 10 (Ursat et al., 1986).  



























 For all tests, the largest effective grain size was found to be 0.22 mm at the Merrimack-FE 
Everett site, which resulted in critical flows as shown in Table 5.1 using Equations 5.1-5.3. Flow 
during testing was monitored to ensure the critical flow for each configuration was not exceeded. 
Since both middle screens have a larger perforated section, the critical flow will be larger than the 
other configuration, and with the other two test sites having much smaller effective grain sizes, 
thus larger critical flow rates, all testing for this project can be assumed to have occurred under 
laminar flow conditions.  
Table 5.1: Critical Flows for All Test Sites 
Site  Configuration  D10 (cm) Critical Flow (gal/min) 
Merrimack-FE Everett Short Middle  0.022 3.97 
Merrimack-FE Everett Long Middle  0.022 6.97 
Merrimack-FE Everett Tip  0.022 2.04 
Kingston  Short Middle  0.017 5.14 
Rochester  Short Middle  0.019 4.59 
 
5.2. Test Method and Data Acquisition  
 In order to ensure that soil is not entering the probe or clogging the perforated section 
during penetration, flow of water is kept at a constant value of 0.2 gal/min during driving. Ursat 
and Hervé (2002), along with Reiffsteck et al. (2009), have shown that relative hydraulic 





the advance method. However, with the current driving method, it was not possible to establish a 
similar relationship because of the dynamic effect of the percussive advancement from the SPT 
hammer resulting in abrupt peaks in Q/H’ (Wuebbolt, 2020). Therefore, measurements made 
during driving could not be used reliably to estimate hydraulic conductivity and have not been 
considered for these test sites. However, the driving resistance is still useful in estimating the 
density of the in-place deposits and observe changes in stratigraphy. 
 Once the test depth has been reached, the pump control is switched from constant flow to 
constant pressure, at an initial value of 10 psi. The pump is capable of maintaining a constant 
pressure within ± 0.02 psi over the duration of the test. The beginning of the test is considered to 
be when the pressure reaches that initial value. Depending on the in-place deposit, the initial value 
is reached about 20 seconds after reaching the test depth. Once reached, the flow and effective 
head can be observed as shown in Figures 5.2 and 5.3. The graphs show an initial spike which 
corresponds to the time it took for the initial pressure to stabilize.  
 Flow and effective head are recorded for approximately 10 to 30 minutes, with a typical 
test duration of about 15 minutes. The test is terminated when the response of Q/H’ is nearly 
constant with time. This constant value is considered the steady-state flow condition and is used 
in evaluating the hydraulic conductivity. A typical response of the recorded flow (Q) and effective 
head (H’) can be seen in Figure 5.2, which was recorded from the Kingston test site using the 
shorter middle screen permeafor configuration at 1.9 ft below the ground surface. The 
corresponding Q/H’ response over the duration of the test is shown in Figure 5.3. Most permeafor 
tests resulted in a similar response. The effective head typically increased over time because it is 
a function of the amount of flow, where head losses decrease as the flow decreases with time. 



















The ideal response shown in Figure 5.3 can be seen for many of the tests. However, some 
of the tests showed atypical responses as can be seen from the Rochester test site, at a depth of 8.9 
ft using the middle-perforated screen with a length to diameter ratio of one (Figures 5.4 and 5.5). 
Although the flow and effective head followed a similar general trend, more fluctuations can be 
seen in the response, especially towards the end of the test at around 9 minutes. When performing 
this test, the pressure needed to be raised to 60 psi to maintain a minimum flow into the soil, 
indicating the soil at depth was likely very stiff or dense, supported by SPT N-values recorded in 
Figure 5.2: Example Flow and Effective Head, Kingston, PR-1, 1.9 ft Using Shorter Middle Screen 





a nearby borehole. This resulted in low flow and high effective head values as seen in Figure 5.4, 
and thus low Q/H’ values shown in Figure 5.5.  
 
 The rapid increase in flow around 9 minutes could be due to a clearing of blockage at the 
perforated screen. However, the test still tended towards a steady-state condition and the data up 
to that time can still be used to estimate the steady-state value.  
Figure 5.4: Example Flow and Effective Head, Rochester, PR-1, 8.9 ft Using Shorter Middle Screen 






5.2.1. Data Analysis 
 The flow to effective head ratio (Q/H’) responses can be used to estimate hydraulic 
conductivity. The value at steady-state conditions suggests that the test cavity and the surrounding 
soil have been fully saturated, in cases above the water table, and have reached a constant state of 
flow, representing the in situ flow characteristics of the soil. For tests below the water table, the 
steady-state condition represents equilibrium under the applied pressure. The graphs of Q/H’ are 
used to estimate the asymptotic value and is shown as a red dashed line on Figures 5.3 and 5.5. 
Using this steady-state value, the hydraulic conductivity can be estimated using the relationship 
between Q/H’, hydraulic conductivity, and the theoretical shape factor previously discussed in 
Section 2.6.3. and given in Equation 5.4. Using this shape factor, Equation 5.5 is used to estimate 
the hydraulic conductivity.  











𝐻AG (5.5)  
 The tests presented in the previous section were obtained using the shorter middle screen, 
with the length to diameter ratio equal to one. This results in a shape factor for this configuration 
equal to 0.629 ft. For the typical Q/H’ response shown in Figure 5.4, which was performed at the 
Kingston site, the steady-state Q/H’ value was found to be 0.036 ft2/min, which resulted in an 
estimated hydraulic conductivity of 0.057 ft/min or 0.029 cm/sec. As discussed in Section 4.2.2, 
this estimated hydraulic conductivity aligns well with what is expected for that soil type at that test 
depth.  
 These expected results were also found in cases where the Q/H’ response did not follow a 





in Figure 5.5. In this particular case, the steady-state value of Q/H’ was found as 2.83x10-3 ft2/min 
resulting in an estimated hydraulic conductivity of 2.28x10-3 cm/sec. Based on the soil type present 
at that test depth, this value aligns with the expected hydraulic conductivity. 
 The results presented in this section demonstrate that the permeafor is capable of estimating 
hydraulic conductivities as long as the Q/H’ response is allowed to reach a steady-state value under 
laminar flow conditions in granular soils.  
5.2.2. Alteration in Testing Procedure Analysis  
 This section describes the influence of the injected hydraulic pressure head used during 
testing on the Q/H’ response. Special testing procedures were used at the Kingston and Rochester 
test sites for this analysis. In Kingston, at a test depth of 15.9 ft, testing started with the standard 
procedure, using an initial pressure of 10 psi. As the test progressed, the pressure was increased 
incrementally and held constant for different time intervals. 
 The test was performed with the shorter middle perforated screen section. After the initial 
constant pressure of 10 psi was held for 2 minutes, the pressure was increased to 12 psi for 3 
minutes, 15 psi for 8 minutes, 20 psi for 4 minutes, and finally increased to 24 psi for a period of 
12 minutes. Figure 5.6 shows the test progression in terms of applied effective head and flow, with 
each plateaus representing these various pressure steps. As can be seen in the figure, each pressure 
increase is shown as a stepwise change in effective head resulting in a corresponding sharp increase 
in flow followed by a gradual decrease with time under constant head. The resulting Q/H’ response 






 It can be seen from the Q/H’ response that increasing the injection pressure produces an 
initial change in the Q/H’ response but then gradually drops back to a similar steady-state value as 
represented by the red horizontal dashed line. If each increase in injection pressure is observed 
over each time interval, it can be seen that the steady-state Q/H’ magnitude and trend are 
essentially unchanged from the normal test procedure where a single pressure is held constant for 
the duration of the test. Shown in Figure 5.8 are the results of this procedure. As can be seen the 
Figure 5.6: Kingston PR-1, 15.9 ft Using Shorter Middle Screen, Change in Injection Effective Head 





resulting hydraulic conductivity values for each different injection pressure resulted in a similar 
hydraulic conductivity estimate. 
 
 At the Rochester site, testing was also completed with the shorter middle screen section. 
The very dense soil required higher initial injection pressures to keep a positive flow. During the 
third test in PR-1, 10.9 ft below the ground surface, the injection pressure was held initially at 30 
psi for a 2-minute time interval, and then decreased by 2 psi, ensuring a positive flow was 
maintained. The pressure was decreased a total of seven times, until the final constant pressure 
was held at 18 psi after 12.5 minutes. The corresponding flow and effective head values can be 
seen in Figure 5.9 and the resulting Q/H’ response is shown in Figure 5.10.  





 Compared to Figure 5.6, a similar response in Figure 5.9 shows that the flow and effective 
head values demonstrate similar behaviors over each time interval. Although, the Q/H’ response 
shows a different trend than in the Kingston testing procedure where the procedure consisted in 
pressure increases rather than pressure decreases. In this case the overall trend is similar to what 
occurs during a test with a normal procedure but with a higher initial pressure. Eventually it reaches 
Figure 5.10: Rochester PR-1, 10.9 ft Resulting Q/H’ Response  





a steady-state Q/H’ value that can be used for estimating hydraulic conductivity. However, it is 
possible to use the Q/H’ value for every time step, shown in Figure 5.10, and calculate the 
hydraulic conductivity for each interval. Shown in Figure 5.11 are the results of this procedure. As 
can be seen the resulting hydraulic conductivity values for each different injection pressures 
resulted in a similar hydraulic conductivity estimate. This is consistent with the results obtained in 
Kingston using the increasing pressure procedure.  
 
 The results of these nontypical tests demonstrate that changing the injection pressure, 
whether it be an increase or decrease, produces very small changes in Q/H’ responses. 
Consequently, the resulting hydraulic conductivity estimate will not change significantly and 
appears independent of the injection pressure during the permeafor test, as long as the flow remains 
laminar in the test zone. This is also supported by the two best fit lines shown in Figures 5.8 and 
5.11, where small resulting slopes can be seen. Indicating that the change in effective injection 
head does not significantly change the hydraulic conductivity value. For the test in Rochester, the 
changes in hydraulic conductivity over the injection pressures varying from 30 to 18 psi changed 
from 1.5x10-3 cm/sec to 1.1x10-3 cm/sec, suggesting that the soil was becoming more permeable, 





a possible indication of the voids in the soil profile being opened. However, this change is minimal 
where the difference in values was far less than one order of magnitude. 
5.2.3. Applicability Limitations  
 Testing was performed at the University of New Hampshire in a clay profile. This was 
done to investigate the range of hydraulic conductivities that can be estimated through permeafor 
testing. When testing in these cohesive soils of low permeability, recorded pressure were high, 
while the resulting flow was almost zero. This behavior was expected, knowing the very small 
value of hydraulic conductivity for these marine clays. To avoid creating hydraulic fractures in 
this soil formation during testing, injection pressures were not increased over 80 psi. However, no 
flow was observed with these high pressures, and thus no Q/H’ response. This shows the limited 
capability of permeafor testing when used in very fine materials, specifically clayey stratigraphies 
with permeabilities less than 10-6 cm/sec. Additional tests should be conducted to determine the 
exact range of permeabilities of the permeafor in these fine-grained soils, especially in the range 
of 10-4 to 10-6 cm/sec. 
5.3. Test Results  
 Using the test method outlined previously, profiles of estimated hydraulic conductivities 
were obtained for all test sites using the permeafor, laboratory testing and empirical correlations. 
Additionally, previous testing in Ossipee and Merrimack NH by Wuebbolt (2020) are shown and 
discussed in this section.  
5.3.1. Merrimack–FE Everett Results  
 At the Merrimack-FE Everett test site, four permeafor profiles were advanced and denoted 
PR-1 through PR-4. For each of these four profiles, six tests were completed, resulting in a total 





middle-perforated screen probe configuration. PR-1 and PR-2 used the screen with the length to 
diameter ratio equal to one, while PR-3 used the screen with the length to diameter ratio equal to 
two. PR-4 was conducted with the perforated screened tip with the length to diameter ratio equal 
to 0.7. For each profile, the permeafor was driven to 3 ft below the ground surface with subsequent 
tests following a 2-foot interval.  
 All 24 tests resulted in typical flow and effective head responses that followed the similar 
trend as previously shown in Figure 5.2 and with Q/H’ responses as shown in Figure 5.3. None of 
the tests had unusual responses in Q/H’, indicating the test cavities were never clogged or reached 
material that obstructed the flow out of the perforated screened section. Some tests did not reach a 
steady-state Q/H’ value within the allotted test time, however, would have reached the condition 
if conducted longer. Figure 5.12 shows Q/H’ responses for all configurations of the permeafor 
screen at the same depth in adjacent boreholes. Each test used the same procedure where the 
pressure was kept constant at 10 psi, while the flow and effective head changes were observed for 
a time period between 14 and 20 minutes.  
 





 It can be seen that all four screen configurations produced typical Q/H’ responses, 
consisting of a decreasing Q/H’ with time approaching a steady-state value. However, for the 
longer middle screen where the length to diameter ratio is equal to two, a steady-state value is not 
reached within the 14-minute test period. This larger perforated area requires a longer time for 
saturating the surrounding soil and reach equilibrium. Other tests with the longer screen produced 
similar trends with longer times to reach a steady-state Q/H’ value.  
 It can be observed that for the tip screen configuration there is minimal change of Q/H’ 
values over time suggesting that steady-state condition is approached almost immediately. While 
the tip screen configuration suggests a shorter required test time, the flow occurs mostly 
downward, and in a zone that is highly remolded from the advancing probe. Therefore, using the 
middle screen configurations allow for horizontal flow into the soil that is less influenced by the 
penetration and likely providing conditions more appropriate for evaluating hydraulic conductivity 
with the permeafor.   
 When observing the estimated hydraulic conductivity values based of these Q/H’ 
responses, the shorter middle screen and tip screen estimated similar values. However, the four 
configurations are still within one order of magnitude of each other. When looking at the value 
estimated with the longer middle screen compared to the others, the value is higher due to the 
overestimation of the steady-state Q/H’ value. Due to this overestimation and the amount of time 
required to reach a steady-state condition, the use of longer middle screen with the length to 
diameter ratio equal to two was discontinued.  
 Figure 5.13 shows a profile of hydraulic conductivity with depth using the estimate from 
the steady-state Q/H’ value from each test. The range of values estimated from permeafor testing 





black line. Also seen in this figure, are values other hydraulic conductivity estimates, such as the 
results from laboratory constant head testing and the range of hydraulic conductivities shown in 
the hashed region which were found from empirical grain size relationships. In addition, the graph 
on the right displays the permeafor driving resistance and is compared to the recorded SPT hammer 
strikes per 6 inches obtained from adjacent boreholes conducted by the NHDOT. Overall, the 
resistance to penetration is greater for the permeafor in part due to the larger projected area the 
permeafor and the longer soil contact with drill string above the probe.  
 The soil at the site is primarily classified as poorly graded sand, with a combination of 
medium to fine particles. Traces of silt were observed towards the bottom of the profile and gravel 
towards the top of the profile. Based on this soil type, the expected values for hydraulic 
conductivity should be in the range of 1 to 10-2 cm/sec. The estimated hydraulic conductivities 
from permeafor testing aligned well with this expected range, where the maximum estimated value 
was 0.474 cm/sec and the minimum value was found to be 0.007 cm/sec, across all tests. 
Measurements throughout the depth of the profile varied within one order of magnitude. This 
variability in values can be expected based on variations in stratigraphy and soil densities.  
 It can be seen that the estimated hydraulic conductivity found through the different 
empirical relationships fall within the range of estimated permeafor hydraulic conductivities, while 
the values found from laboratory testing are consistently lower than the permeafor and the 
empirical methods. The reason for these differences is most likely due to the use of a smaller 
custom permeameter and variations in specimen densities, as described in Section 4.2.4. The 
specimens were reconstituted from samples obtained from the SPT testing and duplicating a 





of the specimen varied up to approximately three and a half times greater than that of the in situ. 
Nevertheless, it follows the same general trend.  
 
5.3.2. Kingston Results  
 At the Kingston test site only one profile was advanced, PR-1. The probe was first driven 
to 3 ft below the ground surface and then in 2 ft subsequent intervals, for a total of eight tests. As 
previously mentioned, the shorter middle perforated screen configuration was used, along with the 
standard testing procedure of maintaining pressure constant at 10 psi. Besides the test conducted 
at 5.9 ft below the ground surface, along with the test at 15.9 ft where an analysis of different 





effective injection heads was conducted, typical Q/H’ responses were recorded. Figures 5.14 and 
5.15 show these non-standard flow and effective head responses, along with the Q/H’ responses. 
The same general trends were found, however, just before the 5 minute and the 15-minute testing 
interval, fluctuations in the two measurements were observed. These changes could be an 
indication of an obstruction or blockage around the cavity. However, it can be observed that a 
steady-state Q/H’ condition was approached, allowing for an estimate of hydraulic conductivity to 




Figure 5.14: Kingston PR-1, 5.9 ft Using Shorter Middle Screen, Irregular Flow and Effective Head 
Response  





Figure 5.16 shows a profile of hydraulic conductivity for PR-1, along with laboratory 
constant head testing and empirical grain size relationship estimates. The range of estimated 
hydraulic conductivity for the grain size relationships is shown by the hashed area. In addition, the 
graph on the right displays the permeafor driving resistance and is compared to the recorded SPT 
hammer strikes per 6 inches obtained from adjacent boreholes conducted by the NHDOT. 
Similarly, to the Merrimack-FE Everett site, the resistance to penetration is greater for the 
permeafor. 
 The soil in Kingston was a poorly-graded silty sand. Based on this soil type, hydraulic 
conductivity values are expected to be between 10-1 and 10-3 cm/sec. The minimum hydraulic 
conductivity estimate from permeafor testing was found to be 0.007 cm/sec and the maximum was 
0.055 cm/sec, aligning well with the expected range. Estimates made throughout the profile were 
within one order of magnitude indicating that the permeafor was able to capture the uniformity of 
the soil deposit.  
 It can be seen that hydraulic conductivity values found from permeafor testing are typically 
higher than values found from empirical and laboratory methods. The differences found from 
laboratory testing is most likely due to the use of the previously discussed smaller permeameter. 
While the difference with empirical methods is not surprising as these methods were developed 
for specific soils that differ from the soils encountered in most sites. For example, the method of 
Hazen was developed for clean uniform sands. In addition, sample recovery with the SPT was 
often less than 25% making it difficult to obtain representative specimens for testing. Nevertheless, 
trends between the three estimates were similar and values primarily fell within one order of 






5.3.3. Rochester Results  
 At the Rochester test site, two profiles were obtained, PR-1, and PR-2. Eight tests were 
performed in PR-1 and six were performed in PR-2, resulting in a total of 14 tests. As previously 
described, the shorter middle screen was used, along with the standard testing procedure of using 
a constant pressure of 10 psi, when possible. After completion of PR-1, it was found that the first 
8 ft of the soil profile was a very dense sand, classified in situ as fill. This resulted in very high 
pressures and low, to sometimes zero flows during testing. For these tests, irregular Q/H’ responses 
were observed. However, for the tests where the pressures reached over 70 psi and no resulting 
flow was observed, testing was terminated, and the results were not useable. PR-2 was conducted 





in a borehole cased to 8 ft below the ground surface, to bypass the fill material. The location of the 
PR-2 profile was 5 ft from PR-1, with identical driving increments, which were used to investigate 
the repeatability of the testing method.  
 Shown in Figure 5.17 is a profile of hydraulic conductivity obtained from the steady-state 
measurements in both profiles. The solid grey region represents the range of estimated hydraulic 
conductivity values from the two profiles and the solid black line represents the average of the 
two, where the laboratory results are also shown, along with the range of estimated values from 
empirical methods, represented by the hashed region. Also shown is the recorded resistance from 
SPT testing, and penetration resistance for PR-1 and PR-2, which was the highest recorded values 
across all sites tested for this project.  
 The material below the casing was classified as a fine silty sand. Based on the soil type, 
the expected range of hydraulic conductivity was 10-2 to 10-3 cm/sec. permeafor estimates aligned 
closely to this range, with the minimum value found to be 0.001 cm/sec and the maximum found 
to be 0.025 cm/sec. It can be seen that the estimated hydraulic conductivities from the two profiles 
align well with one another where the maximum difference in estimated values was less than one 
order of magnitude showing the repeatability in the permeafor testing and resulting estimates.  
 It can be seen that the estimates from the two profiles also align well with the range of 
values estimated from empirical methods. Similarly to the Merrimack-FE Everett site, laboratory 
estimates were found to be lower than the other methods. The penetration resistance of the 
permeafor compared to the SPT test followed the same trend, where permeafor resistances were 
higher. The very dense material is shown from penetrations recorded in PR-1, where the resistance 






5.3.4. Previous Results  
  Permeafor testing was previously conducted in both Ossipee and Merrimack-RT. 101A 
(Wuebbolt, 2020). A total of 28 successful permeafor tests were conducted at the Ossipee site, 
where the soil was classified as silty sand. A total of 33 tests were conducted at the Merrimack-
RT. 101A site, where the soil was classified as a poorly graded sand. Similar testing procedures 
were used, with varying perforated screen configurations, resulting in Q/H’ responses comparable 
to ones presented previously for the sites explored for this thesis. Identical profiles of hydraulic 





conductivity with depth were created, shown in Figures 5.18 and 5.19. Based on the soil types, the 
results aligned well with the range of expected hydraulic conductivity values.  
 Similar results were shown, where the difference in permeafor estimated hydraulic 
conductivities varied less than one order of magnitude from each other, further demonstrating the 
repeatability of permeafor testing. Also, the same differences in laboratory constant head test 
results can be observed. Borehole infiltration tests were conducted at these two sites and the 
resulting hydraulic conductivity from these tests varied significantly as well. Finally, the same 
driving resistance result was found, where the permeafor recorded higher resistances than that of 
the SPT test. This pattern of similar trends shows that the permeafor is a reliable test that can 






















Figure 5.19: Merrimack-RT.101A Comparison of All Hydraulic Conductivity and Driving Resistance 






5.4. PLAXIS 2D Finite Element Analysis 
 To better understand how water flows from the perforated section of the permeafor probe 
during testing into granular soils, a finite element analysis was conducted using PLAXIS 2D. 
PLAXIS 2D is a finite element program developed by the PLAXIS company which was developed 
for analysis of deformation, stability, and groundwater flow. PLAXIS also allows for a range of 
constitutive models and the possibility to model soil as a multi-phase material (air, water, 
and solids). More background information on the software can be found in Appendix B.   
 The permeafor was modeled asymmetrically with 15-node triangular elements. A 5 by 5 
meter square area was used, where the perforated cavity was placed 2 meters below the ground 
surface. The probe was modeled as an impermeable steel structure, where the recessed perforated 
section allowed for water to pass through the interface into the surrounding soil. The soil was 
modeled by using properties of the soil found at the Merrimack-FE Everett test site, allowing for 
the comparison between the behavior of the model and in situ test. The soil density was then 
changed, through modification of the initial void ratio, to analyze the effect of testing in loose, 
medium dense, and dense soil conditions. Calculations were done through a fully coupled flow-
deformation analysis, allowing for observations to be made as a result of time-dependent changes 
to the hydraulic boundary conditions. The testing procedure was modeled with time, where 
calculations were made after 30 seconds, 1 minute, then in 5-minute intervals until a total of 30 
minutes. A constant flow testing condition was modeled, where the flow of water exiting the 
perforated section was equal to 0.2 gal/min. This section describes the results from the finite 
element analysis of the permeafor testing conducted at the Merrimack-FE Everett test site, along 





5.4.1. Permeafor Testing Finite Element Analysis  
 Figure 5.20 shows the permeafor model along with the dimensions of the cavity, which 
represent the actual dimensions of the UNH probe. The origin is located at the bottom of the outer 
wall of the probe with the tip of the probe located 3 cm below this. The topmost part of the probe 
is located at 200 cm or 2 meters above the origin, modeling the probe being tested at 2 meters 
below the ground surface. There is 300 cm or 3 meters of soil to the bottom boundary, which is set 
to an open flow boundary condition, along with the other outer most boundaries. The mesh was 
generated with a fine element distribution setting automatically through PLAXIS 2D then the area 
surrounding the cavity manually refined.  
 






 As previously described, soil conditions at the Merrimack-FE Everett test site were used 
as the soil parameters within the model. Using the recorded blow counts, the soil at this test site 
was determined to be in a loose condition, where the approximate relative density was estimated 
to be 25% excluding the conditions of the soil near the surface. Therefore, an initial void ratio of 
0.3 was used for the model. The water groundwater table was placed at the bottom of the model, 
5 meters below the ground surface, in order to analyze results in an unsaturated condition. A linear 
elastic, drained model was used for the soil, while the van Genuchten water retention curve was 
used to model the behavior of flow into the profile. These parameters are shown in Figure 5.21. 
 
 PLAXIS 2D allows for multiple parameters to be analyzed such as pore pressures, 
groundwater flow, and permeability. The pore pressure was analyzed to ensure pressures between 
the cavity and soil interface were approximately 10 psi, representing the actual field testing 
conditions. When using a fully-coupled flow deformation analysis, calculations are a function of 
the inputted soil hydraulic conductivity. Therefore, once the surrounding soil area is saturated, the 
permeability only allows for the verification of the inputted value to be shown. The output of 






interest was the groundwater head (h), described through PLAXIS 2D with Equations 5.6 and 5.7. 
Since the total head is a function of saturation, the behavior of the water around the perforated 
cavity can be analyzed. This also allows for the analysis of the equipotential lines around the 
cavity, since they are lines of equal total head (h), and the comparison to Rat et al. (1968) can be 
made, as described in Section 2.5.2. 
ℎ = 𝑧 −	
𝑃G+.'&
𝛾G
 (5.6)  
where:  𝑃G+.'& = pore water pressures (N/cm2) (pressure = negative in PLAXIS) 
  𝛾G = unit weight of water (N/cm3) 
  z = vertical coordinate (cm) 
𝑃G+.'& = 𝑃P.'+Q/ +	𝑃RS0'(( (5.7)  
where:  𝑃P.'+Q/ = Steady pore water pressures (N/cm2) (pressure = negative) 
  𝑃RS0'(( = Excess pore water pressures (N/cm2) (pressure = negative) 
 Figure 5.22 shows the groundwater head surrounding the perforated cavity due to the 
induced flow from testing over time. Since the groundwater table is at the bottom boundary of the 
model, -300 cm, the pore water pressure is equal to zero at that location. Therefore, the head at 
this location is equal to -300 cm, the minimum value in the model. It can be seen that in the 
beginning of the test, up to 5 minutes of flow, the head surrounding the cavity is evenly distributed 
between the top and bottom of the cavity. The flow suggests a spherical shape of the distribution 
of the equipotential lines. This is expected since the length to diameter ratio (L/D) of the perforated 
screen modeled in this analysis is equal to one (Rat et al., 1968). The distribution changes slightly 
over time since more water is flowing downwards due to gravity, and once the water reaches the 
top of the model at the 30-minute interval, it begins to propagate horizontally along the top surface. 





around the cavity remains approximately spherical in shape, validating the expected behavior of 
the equipotential lines for cavity flow with a L/D equal to one, as described in Section 2.5.2. It 
should be noted that this behavior was observed in a fully saturated model. However, a different 
flow pattern may be observed for an unsaturated condition. This is because water will propagate 
downwards in an unsaturated soils due to gravity.  
 
 To analyze the behavior of the interface between the cavity and soil, a specific node was 
selected that was at a horizontal distance of 5 cm from the center of the perforated section, shown 
in Figure 5.20. The calculated head and flow at the node was determined and plotted over time, 
shown in Figure 5.23. It can be seen that initially both values increase as the soil begins to saturate. 
However, over time a steady-state condition is approached for each value, where slight variation 
in values can be seen from the scale of the graph. Using the two values, the flow to head ratio 
(Q/H) can be obtained, which is plotted with time in Figure 5.24.  










 It can be seen that Q/H appears to reach a steady-state condition. Since a three-dimensional 
condition is being modeled in two dimensions, the units of flow are different in the model. 
However, since the model is axisymmetric the behavior is assumed to be the same in all directions 
around the probe. The shape of the Q/H response is different than what is recorded during testing, 
most likely due to the soil being saturated over time in the model. While in the field condition, 
water may propagate downward during driving. However, both conditions approach a steady-state 
Figure 5.23: Merrimack-FE Everett Calculated Flow and Head, 5 cm from Cavity, 0.2 gal/min Constant 
Flow Condition  
 
 






condition. This shows that if a permeafor test is conducted for approximately 10 to 15 minutes, the 
flow to head response reaches a steady-state condition that can be used to estimate hydraulic 
conductivity with the appropriate shape factor. 
 Since the model was analyzed with a constant flow condition, while permeafor field testing 
is typically conducted with a constant pressure, the calculated flow and head values are not 
comparable to values obtained at the Merrimack-FE Everett site. This is because when a constant 
pressure condition is used, the pump ensures that the pressure at the interface between the cavity 
and soil is a constant pressure, usually 10 psi, resulting an effective head equivalent to a 10 psi 
injection pressure. However, when a constant flow condition is used, the effective head is a 
function of the soil properties. This is because over time the pump ensures a constant flow value, 
resulting in different injection heads based on the buildup of pressure in the soil due to the 
resistance of the soil, which is a function of the density and hydraulic conductivity of the soil. This 
is described in Section 2.5.2, specifically Figure 2.14, where the behavior and values of effective 
head change between constant pressure and flow conditions. This is also shown in Figure 5.25 
where a constant flow of 0.1 gal/min was modeled using the same node and process previously 
described, the flow and head can be found over time. It can be seen that the lower constant flow 
condition results in lower values of head, but both still reach a steady-state condition. While the 
flow travels a shorter distance in the profile, which changes the size of the equipotential lines 
around the cavity. However, the distribution and shape are the same as seen in Figure 5.26. A 
clearer comparison of the distance traveled by the water is shown in Figure 2.27, where the head 







Figure 5.25: Merrimack-FE Everett Calculated Flow and Head, 5 cm from Cavity, 0.1 gal/min Constant 
Flow Condition  
 








 This analysis verifies Rat et al.’s proposed distribution of equipotential lines for cavity flow 
with a length to diameter ratio equal to one. The perforated middle screen, which was used at the 
Merrimack-FE Everett site, has the same L/D ratio. This shows that the in situ test followed 
approximately the same head, therefore flow, distribution around the cavity over time. The model 
also verified that after approximately 10 to 15 minutes the area around the cavity reaches a steady-
state Q/H condition. Therefore, if the permeafor test is conducted for a minimum of 10 to 15 
minutes, the value used to estimate hydraulic conductivity can be assumed to represent a steady-
state condition.  
 










6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 
 
6.1. Summary  
 The permeafor probe was originally designed in France to investigate relative permeability 
of soils in situ. Based on the existing design, a probe was built at the University of New Hampshire 
with some minor modifications to the equipment and test method. Using a conventional drill rig, 
the permeafor was evaluated at five sites across New Hampshire in profiles of granular soils. A 
total 44 hydraulic conductivity tests in 7 profiles, along with 76 tests in 13 profiles previously 
completed by Wuebbolt (2020) were carried out and used to develop a methodology to assess the 
permeability of soils in situ. The permeafor probe and supporting system used in this work was 
designed to withstand driving using an SPT hammer as well as being simple to use and operate in 
the field. Software was developed to perform the permeafor test and acquire pressure and flow 
data during penetration and testing. The system was designed to be user-friendly and to allow 
monitoring of all aspects of the permeafor test.  
 Using the ratio of measured flow to applied effective head (Q/H’), along with a theoretical 
shape factor, a relationship was developed to estimate the hydraulic conductivity. This ratio was 
obtained with the permeafor using an applied pressure and measuring the resulting flow with time 
until a steady-state condition was reached, indicating equilibrium and proper saturation of the 





diameter ratios to determine the optimal position for estimating the hydraulic conductivity. Tests 
were conducted in adjacent profiles at the same site to compare results from each probe 
configuration. Permeafor hydraulic conductivity estimates were compared to commonly used 
laboratory and in situ methods. Finite element analysis of the flow around the perforated cavity 
was used to verify the assumptions used to derive the theoretical shape factor.  
6.2. Conclusions  
 Based on the results from permeafor testing along with comparisons to other methods to 
measure hydraulic conductivity and finite element analyses, the following conclusions can be 
made: 
1.  Hydraulic conductivity was successfully estimated through permeafor testing in silty sand 
(SM) to poorly graded sand (SP) where fines content varied from approximately 37% at the 
Ossipee site and about 5% at the Merrimack sites. The resulting permeabilities ranged from 
approximately 0.3 cm/sec to 1x10-3 cm/sec. 
2.  Results obtained from permeafor testing were in general agreement with estimates made 
using laboratory permeability tests and empirical relationships based on grain size and grain 
size distribution. Results aligned well with expected hydraulic conductivities based on soil 
classification.   
3.  Permeafor testing allows for faster and better site estimates of hydraulic conductivity 
compared to the borehole infiltration test. A permeafor profile can be completed in a few hours 
while a profile completed using the borehole infiltration method can take more than one day.  
4.  Permeafor results with the three probe configurations compared well to each other with 






5.  Values of Q/H’ with time showed similar responses during all tests consisting of a 
logarithmic path that approached an asymptotic steady-state value over time. While most tests 
approached an approximate steady-state condition, the longer middle screen with a length to 
diameter ratio of two, required a longer test interval to reach that state. It was determined that 
the middle screen with an L/D of 1 should be used based on the shorter test duration. 
6.  The shape factor proposed by Wuebbolt (2020), a combination of proposed factors by 
Silvestri et al. (2013) and Chapuis (1989), was determined to be the most appropriate for 
permeafor testing.  
7.  Finite element analyses of the shorter middle screen configuration suggest that a test 
duration of 10 to 15 minutes is sufficient to reach a steady-state condition and does not appear 
to be a function of the flow magnitude for the cases studied in this work. Variations in soil 
density did not seem to affect the time required to reach steady-state conditions.  
8.  Permeafor testing designed to study the influence of injected hydraulic pressure on the 
resulting hydraulic conductivity did not seem to affect the resulting estimates. Increasing the 
injected hydraulic pressure through various increments over time at the Kingston site, and 
decreasing the hydraulic pressure at the Rochester site, did not appear to influence the 
estimated hydraulic conductivity.   
9.  The finite element modeling of the flow pattern around the permeafor perforated cavity 
with a length to diameter (L/D) ratio equal to one, validated the distribution of equipotential 
lines around the cavity proposed by Rat et al. (1968) and confirmed the validity of the proposed 
shape factor. This was also confirmed for various soil densities.    
 Based on the permeafor testing for this thesis, it can be concluded that the permeafor is 





analyses, the cavity flow was used to verify the conditions assumed to develop the shape factor 
which were used to estimate the hydraulic conductivity from flow and pressure measurements 
during a permeafor test. Such analyses coupled with consistent behavior of Q/H’ with time strongly 
suggest that the permeafor can be used confidently to assess hydraulic conductivity in situ. Other 
methods such as borehole infiltration testing are slow and provide limited data to support the 
required permeability measurements needed for design of BMPs.   
6.3. Future Work  
 Based on the work presented in this thesis, the following recommendations for future 
permeafor testing and analysis are made as suggested improvements: 
1. Additional permeafor tests should be conducted to determine the exact range of 
permeabilities of the permeafor in fine-grained soils, especially in the range of 10-4 to 10-6 cm/sec.  
2. Profiles of hydraulic conductivity conducted through borehole infiltration testing should 
be completed at test sites where permeafor testing was conducted allowing for the comparison of 
the current method to the proposed method.  
3. Constant head testing should be performed at other sites with representative samples 
prepared at appropriate densities to represent in situ conditions and to further compare with 
permeafor results.  
4. Finite element analyses should be conducted to evaluate the effect of soil types, 
stratigraphies, and more complex layering. Modeling should also be performed using a constant 
pressure condition to compare with results obtained in this thesis with constant flow conditions. 
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FINITE ELEMENT ANALYSIS METHOD – PLAXIS 2D 
PLAXIS 2D is a finite element program developed by the PLAXIS company, specifically 
developed for analysis of deformation, stability, and groundwater flow. In 1987 development 
began at Delft University of Technology, where the initial purpose was to analysis river 
embankments on the soft soils of the lowlands of Holland as an initiative with the Dutch Ministry 
of Public Works and Water Management. Subsequent years lead to the expansion of the software 
to cover most areas of geotechnical engineering, which lead to the formation of the PLAXIS 
company in 1993, followed by being adopted by Bentley Systems in 2018. The range of PLAXIS 
products are now used worldwide for geotechnical engineering and design. Therefore, PLAXIS 
2D was chosen to be used for this research, specifically due to the ability of the software to provide 
a flow analysis surrounding the perforated section of the Permeafor. PLAXIS also allows for a 
range of constitutive models and the possibility to model soil as a multi-phase material (air, water 
and solids).  
When the software is first opened, a Project Properties window allows for the model’s 
constraints to be defined. The model type can be defined, either plane strain or axisymmetric, along 
with the type of element that will be used, either a 15-node or 6-node triangular element. Plain 
strain models assume displacements and strains in the third dimension are zero, however, take into 
account the normal stresses acting in this direction. This type of model is usually applicable for a 
geometry that has a uniform cross-section while loading is applied over some length perpendicular 
to the cross section (PLAXIS 2D-Reference Manual, 2021). While an axisymmetric model is used 
for more circular geometries with a uniform radial cross section with loading applied around the 





The units and the limits of the model can also be defined within this window. The model 
can also be named, and different attributes specific to the project can be assigned. Once completed, 
the user interface can be seen. The interface is divided into multiple navigational tabs which 
correspond to different modes of the software that are all needed to create the model. These modes 
consist of the following: Soil, Structures, Mesh, Water Conditions, and Staged Construction.  
PLAXIS 2D SOILS AND STRUCTURES 
Within the Soil mode, the soil properties and water conditions are defined. For each soil 
that will be modeled, a new material must be created, done through the Material Sets tab. The 
material model, drainage type, and physical properties such as unit weight, void ratio, and bulk 
modulus, are defined within this tab. Groundwater parameters can be inputted manually, or default 
values can be used, which are based off of the soil type. These parameters include hydraulic 
conductivity, storativity, and the soils water retention curve. Once materials are created, boreholes 
are used to create the soil stratigraphy, along with defining the groundwater table depth. They can 
be placed anywhere within the model and allow the soil to be seen over the defined limits.  
Within the Structures mode, the geometry of component being modeled is defined. This 
can include tunnels, dams, excavations, and reattaining walls. Material properties can be different 
to the structural components, which is done by creating a new material through the Material Sets 
tab previously described. Similar properties such as the material model, poisons ratio, the modulus 
of elasticity, and weight are defined. The structure can then be created by using points and lines, 
in which the material can be assigned too. Loads, hydraulic conditions, prescribed displacements, 
and thermal conditions can also be defined. Interfaces can also be created within this mode. This 





impermeable, or semipermeable, allowing for the appropriate interaction between the structure and 
flow to be modeled. 
PLAXIS 2D MESH  
Within the Mesh mode, the model geometry is transformed into a finite element model. 
This is by dividing the model into different elements where calculations and resulting values are 
found, and when combined form the modes mesh. This process is referred to as discretization. 
Within this mode the mesh that will be used for discretization is assigned to the model, and certain 
properties of the mesh are defined. The mesh is generated automatically with either a very coarse, 
coarse, medium, fine, and very fine distribution. Where the finer the mesh, more elements are 
introduced over the modeled area, however, more computational time is needed to provide results 
for all elements. While coarser mesh can save on the computational requirement but may not 
accurately model the specific geometry due to assumptions made.  
As defined in the Project Properties, 15-node or 6-node triangular elements are used within 
the mesh. Depending on the number of nodes in an element, the number of Gauss points, or stress 
points, where numerical integrations are made vary. For a 15-node element, twelve stress points 
are used, while a 6-node element used three. The order of interpolation to find displacements also 
vary where a 15-node element uses a fourth order, while a second order interpolation is used for a 
6-node element (PLAXIS 2D-Reference Manual, 2021). The accuracy of a 15-node element is 
very high and produces high quality stress results for difficult problems. While a 6-node element 
does not produce as high of results, it still produces a fairly accurate representation of an element 
and provides good results in standard deformation analyses, as long as a sufficient number of 





the same computational time and accuracy tradeoff. The difference in element types and the 
resulting stress points can be seen below in the figure below. 
 
Once the mesh is generated, the user can view the mesh and changed it if needed. Certain 
areas of the model can be manually refined where more accurate results are needed, while also 
coarsening areas that do not need accurate modeling. Points of interest can also be selected, done 
by through selected the generated nodes on the elements. These can be used to graph stresses and 
displacements at each node over time, after calculations have been completed.  
PLAXIS 2D GROUNDWATER FLOW BOUNDARY CONDITIONS 
For a flow analysis, groundwater flow boundary conditions are required to be defined for 
all structural elements. There are six behaviors that can be specified for each boundary, seepage, 
closed, head, inflow, outflow, infiltration. Seepage behavior is a condition where water can flow 
freely in or out of the element, whereas a closed condition allows for no flow of water over the 
boundary. In addition to defining hydraulic conditions within the Structures mode, a prescribed 





to the outer most boundaries, external pressures are generated. Inflow and outflow behaviors allow 
for water to either flow in or out, respectively, of the model over a specified boundary. Infiltration 
behavior allows for a specified recharge from precipitation to be introduced into the model over 
the boundary condition. In addition to groundwater flow boundary conditions, the external 
boundaries of the model can be defined as either open or closed. This allows for groundwater to 
flow or not flow, through the specified external boundary of the model.   
PLAXIS 2D STAGED CONSTRUCTION 
Within the Staged Construction tab calculation types are defined. By default, all models 
with have a minimum of one phase where calculations will occur. However, a model can be divided 
into different phases where calculations are performed over time. Phases can occur sequentially or 
can represent different calculations. Within each phase, different components of the model can be 
activated or deactivated, modeling different stages of construction. This allows for one model to 
be created that represents an entire sequence over time, rather than creating a model to analyze 
each component. For each calculation, control parameters, such as the maximum or minimum 
number of iterations, can be defined. Once the phases and calculations have been defined, the 
model may be calculated. When completed, results can be viewed through the Output window of 
the program. Displacements, stresses, pore pressures, and other parameters can be viewed visually 
over the entire geometry. The Curves Manager can also be used to plot these results over time for 
the different points of interest that were chosen. Many other options are available in the Output 
Window such as creating animations, creating results tables, viewing only part of the results, 
creating reports, and much more. 
